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&5 THEME

3

. :':

;_i":; Research on gas turbine engine development during the past decade in NATO nations has concentrated heavily on

v
‘l'

obtaining a better understanding of the relationship between material characteristics, failure mechanisms, structural analysis
and validation testing to gain increased service life.

P

The meeting surveyed the current state-of-the-art in technological areas related to improving engine life and considered
the technical and economical problems and possibilities of advanced cyclic testing in the development of engines.
Relationships between engine utilization and failure modes, accelerated mission testing (AMT) development, critical
material characteristics, component life assessment methods, recent results of component and engine cyclic testing, and
future requirements were discussed.

CE

The topic was coordinated with the Structures and Materials Panel which has contributed papers. The meeting took
place the week prior to the 1984 ASME Gas Turbine Conference thus enabling attendance at both conferences with one
business excursion.

* ¥ % %

-y

Les recherches effectuées par les pays de FOTAN, au cours de ces dix dernieres années, dans le domaine du
développement des moteurs a turbine a gaz, ont été essentiellement orientées vers une meilleure compréhension des
relations entre caractéristiques du matériel, mécanismes des défaillances, analyse des structures et esscis de validation,
Pobjectif poursuivi étant I'accroissement de la durée de vie.

Sl e e )
.
€« wxt
[y

Au cours de la réunion, les conférenciers ont examiné I'état de I'art dans les domaines technologiques qui sous-cendent
Pamélioration de Ia longévité des moteurs. Ils ont étudié les problemes et les possibilités techniques et économiques que
présentent, au stade du développement des moteurs, les essais avancés aux divers régimes. Iis ont traité des sujets suivants:
relation entre I'exploitation des moteurs et les modes de défaillance, mise au point d’essais accélérés en vue de missions
spécifiques, caractéristiques critique des matériaux, méthodes d'évaluation de la durée de vie des composants, résultats
récents d’essais de moteurs et de composants aux différents régimes, et impératifs futurs.

Ce theme a fait I'objet d’une coordination avec le Panel des Structures et Matériaux qui a fourni certaines des
communications présentées. La réunion a eu lieu au cours de la semaine précédant la Conférence sur les Turbines 2 Gaz
organisée par TASME en 1984, pour permettre aux personnes intéressées d'assister successivement aux deux manifestations
au cours d’un méme voyage.
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TECHNICAL EVALUATION REPORT

by

J.R.Nelson

1. INTRODUCTION

Powerplant capabulity has historically been the pacing item in aeronautical system capability. Since the advent and
application of the turbine engine to aircraft systems, improvements in overall system capability have been impressive and
continuous. A commonly held view of this progress is that it has generally been in terms of engine performance improvement
at the expense of life and durability. A careful review of the history of turbine engine applications reveals this common view
1s not accurate. For example, in the mid 1940s, the first qualified US military jet engines exhibited major overhaul periods
and some ¢ ymponent lives of 10 to 15 hours, yet by the early 1950s, those early engines and the newer designs were
providing 1 0-hour periods between major overhauls which was equivalent to the life,'durability of reciprocating engine
designs of th . time as used in fighter applications. Some reports of that time note that improving life, durability and safety
were of top prionity, followed very closely by the need to improve fuel consumption characteristics. Since that time, while
performance in terms of thrust, thrust-to-weight and specific fuel consumption has improved dramatically, so too has engine
durabulity and life, having increased well beyond the best ever experienced Tor reciprocating engines in fighter/bomber
applications and by thousands of hours compared to reciprocating engines in transport/airline applications.

However, due to sharply increasing engine acquisition costs and very large overall costs of ownership, it is essential that
engine hfe be further increased. Almost as important a, this increase in life is a requirement that life values be accurately
predicted at imitial fleet introduction for the engine anu its components. In addition, usage must be tracked carefully in order
to mawntan a close relationship not only between predicted and actual life, but also between predicted and actual support
requirements. This latter point is central not only to fleet readiness to insure stability of operations, but also to controlling
support costs which, aside from the expense of fuel itself, are still several times the initial acquisition cost and are very
sensitive to unexpected durability/reliability shortfalls.

It was very timely, then, that this NATO-AGARD Propulsion and Energetics Panel (PEP) specialists’ meeting
concentrated on summanzing recent activity and progress in Engine Cyclic Durability by Analysis and Testing. Great
progress has been made in improving engine durability analysis and testing. Futhermore, not only does significant data and
experience exist, but it 1s being accumulated at an increasing rate. The breadth of activity and interest was apparent in the
contributed papers of this session and by the approximately 100 attendees. Recogni.ing the critical role of materials
charactenstics 1n engine durability, it was appropriate to present recent propulsion materials work in this session, including a
summary of the AGARD Structures and Materials Panel (SMP) work over the past decade. Very close coordination and
continuing dialugue between the PEP and SMP is highly desirable and important in all areas related to engine life and
durability.

The meeting was orgamzed around four sessions with 19 invited papers presented. Attendance was excellent at all
sessions and considerable dialogue ensued, as evidenced by the questions and answers at the close of each presentation,
which are included as part of this repurt. An initial technical evaluation summary was presented by the author to the
attendees-at the close of the last session.

Thus report will provide a condensed summary of the meeting, a detailed discussion of the contents of the papers and
finally sume conclusions, recommendations. The reader will note the detailed comments section (Section 3) is organized in
three general areas involving, durability parameter measurement, modeling and analysis techniques, and recent engine cyclic
testing results. Although the meeting was organized in four sessions, the content of the papers seemed to lend itself to
grouping in the three areas noted.

Also, there is frequent reference in this report to the US Air Force terms, Accelerated Mission Testing (AMT) and
Engine Structural Integnty Program (ENSIP). This frequent reference is not intended to emphasize AMT and ENSIP at the
expense of vther impurtant related conuepts presented at this meeting, Rather it reflects deep involvement by the author with
the development of these concepts and the activities in these areas and thus they are used as a framework of reference for
similar concepts and parallel activities presented in the papers and discussions.

2. SUMMARY

This 63rd (B) Speciahsts” Meeting of the Propulsion and Energetics Pancl provided a diverse selection of topics that
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generally described the status of where the NATO gas turbine engine industry stands in analysis, testing, and materials
characterization technologies. A significant outcome of this meeting is the general concurrence on technology areas where
the industry necds to make further progress to betier understand engines and to be able to produce them more efficiently
with higher performance and better durability.

The concept of Accelerated Mission Testing (AMT), by this and other names, is becoming well accepted throughout the
industry both in civil-and .nilitary programs. This approach is a significant improvement over past qualification testing
techniques. However, AMT does not provide the total capability to avoid durability problems, but does provide a good
methud for identification and correction of what would otherwise become fleet introduction, or “infant mortality”, problems.
AMT also does an excellent first assessment of susceptibility to hot section distress, as well as providing identification of
some wearout indications and HCF envelope clearance.

Understanding of temperature and load induced stress on critical engine components is essential in making life
predictions for thermally sensitive parts. A major problem is that there is no simple correlation between primary recordable
engine parameters and the resultant response at the component locations. This leads to questions as to the velume of data
required as well as the needed accuracy for meaningful life prediction capubility. For the measurement of these parameters,
some manufacturers and users have an interest in recording and real-time processing of in-flight data. The purpose herc is to
have a real-time understanding of engine life usage. The US Air Force is committed to onboard engine health monituring and )
has required this capability on all new engines both for tracking events, 'usage and for understanding overall engine trending {
and fleet support management. However, the level, formay, and volume of data to be presented to maintenance persone:zt for
effective maintenance action is the subject of intense interest and activity with no accepted solution as yet.

L
4

The need for improved capatility materials continues to be a major requirement for improved durability and in recent
years progress in the Powder Metallurgy (PM) concept has been most significant in this regard. Initially, these PM
compounds exhibited a generic inability to provide consistent quality hardware due mainly to contamination problems in the
powder preparation process. Today, through improved controls to assure “clean” powder, followed by use of extruding,
forging and hot isostatic pressing manufacturing processes, the PM contaminants are reducing in number and dispersed to an
acceptable level of concentration. However, with these new PM alloys, the heretofore used “safe life” appreach cannot be
used cost effectively. The “safe life” approach is based on the statistics of the achievement of a measurable crack in one
member in a total population of a given material,'component desig.:. This neasurable crack size is equal to the threshold
measurcment capability of the inspection process used. Based upun the time to occurrence of the crack in this one defective
(minimum) member, the entire population is scrapped. The use of PM technology, however, is based on the fact that the
growth rate of the crack is a more critical parameter than the time to initiation of a measurable crack. Therefore, a crack
growth management of the design (“damage tolerance™ philosophy ) must be applied in establishing valid life numbers for PM
materials specifirally, and, of course, in general where “damage tolerance” is to be used rather than “safe life”.

The role of protective coatings in modern gas turbine engines was re-emphasized in this session. They are essential in
preventing erosion, corrosion, oxidatinn and overall wear. The sclection of the best coating process is, however, a
compromise typical of most unique design processes. Cuating durability, adherence, environmental protection, and the
impact of the coating on base metal mechanical propertics must be considered and iterated te reach the best solution.

Several papers discussed the capabilities and limitaiiuis of current analytical modeling techniques. There is general
agreement that significant strides have been made in the last two decades in the development of engine structural analysis
modeling technigques and design tools. However, the application of these tools, as presented and discussed at this meeting,
highlights the need for further development. Sume of the carlier models did not accurately assess the complex loading
relationships of gas turbine engine components. These shortcumings are now being addressed to some degree, The General
Electricity Company and Pratt & Whitney, for example, have each developed empirical models to address this complex
loading problem. These models are simple in nature and dv not yet address multiple crack initiation that oucurs in actual
practice. The vecurrence of these and other real life events requires that continued development of analytical techniques be
vigorously pursued. Furthermore, resolution of additional questions is needed in the general areas of. boundary constraints
and their accurate measurement necessary for determination of local stress fracture analyses and the required materialy
property data for these analyses (especially with PM matenals), and how to ultimately combine these considerations into a
life determination.

As previvusly mentiuned, the “safe life” coneept of life management of ficla hardware has been the approach used in the
past to sct component life limits although it resulted in high operaung and suppurt custs. For example, this approach can
result in throwing away 90 percent of a turbine disc pupulation that still has mote than 50 percent of life remaining. Further,
the other 10 percent of these discs remaining in service are at sume risk of premature failure. The alternate “damage
tolerance™ approach is uf course attractive in that it prumuses continued usage of expensive hardware if the defects or the
damage is within certain specified limits. As a result, the gas turbine industry is becuming more receptive to this approach in
the light of gruowing knowledge regarding fracture initiation and growth charadteristics in various engine materials. This
“damage tolerance” approach is an integral part of the US Air Force Engine Structural Integrity Program (ENSIP)
philosophy.

A new life prediction verification method being utilized by the US Air Force for sxperimental compunent and eagne
testing is called Life Assessment Testing (LAT). Its purpose is to validate the analytical touls of life prediction and establish
an carly bascline durability value for engine compunents of advanced design, The cuncept requires testing compunents “to T e . et
failure™ in an efficient manner. This is accomplished by controlling temperature and stresses at critical areas of the tast -
components. The approach promises to be cust effective in providing carly evaluation of the entire design system with more
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efficient use of test assets and thus could reduce and, or eliminate portions of the expensive AMT full engine testing now
required as part of ENSIP.

The use of AMT and ENS!P has had significant impact on the development process of US Air Force military gas
turbine engines. Intensive Cyclic Endurance (ICE) testing is a similar approach described by Ponsford (Paper 15) for the
Rolls Royce RB211 cngine. In either approach, this engine testing provides only a limited statistical data base, but,as
previously noted, it is a powerful tool in identifying engine, component “infant mortality™ problems and identifying possible
distress areas in the engine hot section.

The ENSIP method provides a structured program for total engine development and it includes a durability and
damage tolerance assessment, a durability and damage tolerance control plan, and a structural maintenance plan. It is also of
significance to note both AMT and ENSIP/ are now part of all US Air Force initial engine development programs and are
required to be carried forward through the life of the engine program in order to accommodate field usage changes, multiple
system applications, engine upgrades, etc. The total process will produce more durable, reliable engines with much better
defined support requirements.

The requirement for extended gas turbine engine durability has grown dran:atically in the last decade. The future
.equirements for analysis and testing teckniques must keep pace with these engine and component configuration
advancements in a cost effective manner. AMT has contributed to the efficiency of test, but other additional improvements
should be considered. For instance, the LAT approach previously discussed offers significant payoff. Testing efficiency can
be improved also via the use of updated test facilities like the ‘core engine’ test facility at Pratt & Whitney (described in Paper
20) in which full cngine operating conditions are cost-cffectively simulated while only the cote enging is on test.
Improvements in the capability of instrumentation will also help satisfy the need for more accurate engive data. Improved
slip ring technology, improved telemetry, noncontacting instrumentation, and optical pyrometers arc typical state-of-the-art
sensors/systems that must be fully exploited in order to achieve safe and efficient monitoring of test engines. The
advancements achieved in finite element analysis, understanding of creep, fatigue intcraction, crack growth model analysis,
etc., have all been verified by engine experience. As prediction and measurement techniques improve, continued engine
correlations will be required. Meetings like the AGARD meeting summarized in this document, are necessary to ensure not
only current understanding of these fast-developing arcas of technology, but also a healthy dialogue and critique of new
approaches to improve turbine engine durability and reliability while continuing to improve performance. Extensive,
duplicative effort can thus be avoided other than where needed to demonstrate consistency of results. New areas for
consideration can also be identified, In that light, some recommendations are made in Section 4 of this report.

3. CONTENT OF THE MEETING

As previously noted, the subject ¢f this meeting was rather thoroughly covered and the 19 papers plus the related
questions and answers were wide ranging. However, it is useful to organize and comment on the content by division inte
three major topic areas. (1) In-flight measurement of critical parameters and their analysis (2) New and expanded
approaches to compounceat modeling and analytical techniques, and (3) Recent results of engine cyclic testing and correlation
with ficld experience. In addressing the area of in-flight measurement and analysis, Paper 1 by Breitkopf and Speer
emphasized there is no simple correlation between prnimary engine operating parameters and critical component life limiting
locations for thermally sensitive parts. Thus leads to a strong need for accurate data measurement for hfe prediction and the
cunclusion that real ime analysis by use of on board recording and processing equipment for rapid approximation of stresses
15 pussible. An algonthm correlating flight measurable parameters and calculated versus actual stresses was presented. Paper
2 by Edmunds and Lawrence also made the puint that variability and complexity of actual usage and the related thermal
transients requires un buard data recording. This latter paper alsu emphasized that an acceptable compromise between
cumputativnal power and accuracy must be established. A simplified model was discussed wherein parameters causing
thermal stress were determined by curve fitting measured data to known results of thermal stress analysis. Considerable
discussion ensued regarding the accutacy of the approaches presented in these two papers. Also discussed was the ameunt of IR
data to be acquired to assure “life accuracy™. It may be said here that current US Air Force experience in advanced O
augmented turbofan engine designs would indicate a vast amount of data would b required to address all thermally sensitive
parts with real time analysis. The need for accurate data 1s unguestioned, but the need and the capability for real time
calculation of transient thermoumechanical stresses for all parts is still to be resulved. Also to be resulved is the value of un
buard real-time caleulations as the basis fur folluw-un maintenance action. In fact, extensive dialugue is underway in the US
Air Force to establish the level and furmat of data to be presented to maintenance personnel. However, it can also be said
that the US Air Furee 1s commutted to the need for on buard engine health monitoring and diagnustic systems and each new
engine currently being acquired will have a system with extensive capabilitics in these areas. These systems are essential to
the coneept of engine life tracking and management as part of the overall ENSIP appruach. In flight measurement of writical
parameters and their analysis then, is an important area in which progress is being made. This ateais of overail interest for
engine life management in buth military and commeruial engines and coneentrated effort shuuld continue to be exerted in
vrder to resulve the questiuns of un-buard data volume, level of processing, and required aceuracy and eventual use in
engine development and the life management.

In addressing the second area, that of compunent modeling and analytical techniyues, it can be said that compunent
mudeling is at best a scienee that 1s directed by agency pulicy that is itself based upun past success, intuitive feclings and feas
of failure of achieving the required product. The majur scienufic aspects of mudeling an engine cumpunent with the end
result of producing a meaningful durability assessment of the engine itself can be categorized as follows.
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E':g (@) Boundary Constraints. The boundary constraints on a component are the temperature, pressure and body forces. Itis
o necessary to determine these items as accurately as possible in order to have a “valid model result”. This point was

.::f. repeated by Papers 1,2, 8, 10, 12, 14, 15, 17, 18, 19, and 20. In each of these papers, the point took on different forms
‘,.:l: such as: duty cycle effects on components, on-board recording of data, degradation effects, etc. However for valid

S results the theme was the same — one must either measure the environment or accurately predict it in order to achieve a

durability assessment that is meaningful.

() Stress Analyses. The second category is the determination of the stresses that the component local area experiences as a
function of the different fluctuations of the boundary constraints during the actual flights. The need for this is pointed
out succinctly by Paper 17 — “a 10 percent lower stress can produce a 60 percent higher life”. The major problem to tie
addressed is embodied 1n the questions. “How much stress analysis is required? — What level of acuracy is required®”
Faper 1 states that a “rapid approximation of stress” is required for any “real time” life processing system. Papers 5, 8, 9,
10,12,13,17,18, 19, 2nd 20 expressed the same need for accurate stress analysis. The problem ultimately results in an
answer of “How much mo»ey and time is available to accomplish the stress analysis?” Perhaps Paper 12 summarized it
best with the statement that an acceptable compromise between computational puwer, accuracy and cost is required
when doiny  stress analysis. During any specific engine design and development, the intent is to require the minimum
effort to accomplish ihe minimum level of acceptable accuracy. Also, an important facet of durability analysis i, the
assessment of the uesign for fracture potential. In order to do ths, a fracture mechanics analysis must be conducted
using the calculated stress values as primary input.
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(¢) Fructure Analysis. The technology of conducting detailed fracture analyses is perhaps the fastest growing technology in
the turbine engine industry. This was discussed in detail in Paper 5, and pointed out as a need generated by the onset of
powder metallurgy in Papers 6, 7,9, 19, and 20. Paper 19 pointed out the need to consider the environmental and
synergistic effects of stress sequence and temperature in conducting a detailed fracture assessment of an engine
component. However, one must keep in mind that basic to the fracture assessment is the all important “material
property” gzneration at the appropnate environmental conditions and with material specimens of proper metallurgical
condition. This fact was presented by Papers 5,6, 9,10, 12, 14,17, 19, 20, and especially Paper 7 which showed grain
size alone has significantly different effects on crack growth rates in the same material composition. In addition, the
location of the crack in the component (surface or subsurface) and the surrounding stress gradient play a very
important role in the resultant final fracture life value. But, perhaps the last facet of the durability assessment is the area
witere considerable effort has been put forth, but with essentially nonconclusive results to date. This area is the actual
life determination based upon cumulative damage models and related agency policy (or nonpolicy).

(d) Life Durability Deternunation. The process of determining the actual life of a component is very dependent upon the
answers to some basic, but key questions — “What is a failure? What is safe? How sensitive is the life number to
mustakes and input vanations?” The answers to these questions can be given in statistical terms, historical precedence,
legal considerations of responsibility of premature “failure™ or a host of other terms. A good life analyst can generate a
vanety of answers to the life question dependent upon the degree of liability that the agency is willing to accept. This is
perhaps why this PEP sesston had so many discussions dealing with “accuracy™, “sensitivity”, “economical aspects”,
“failure defimition”, and life “philosophy™ after each of the papers. Papers 1, 3,9, 11, 17, 19 and 20 all discussed
different aspects of hife determination and methods used for accounting for damage accumulation. What can be said
abuut each 15 that all were different and none were totally wrong! In fact, this independent activity and discussion of
areas of disagreement as to parameter validity, sequencing, correction factors, creep characteristics, use of classical
mudels, etc., 1s healthy and needs further encouragement. If durability could be considered to be “the measure of the
design hife achueved without significant maintenance cost”, then it is very evident how important the assessment of the
life value 1s through either compunent or engine testing, In addition, the agency which can supply this test assessment
most cost effectively will win out in the market place. Papers 1, 3,4, 15, 17, 18, 19, and 20 pointed out this fact quite
clearly.

(¢) Ofimpurtance to note s the fact that in this area of analysis and modeling, there was a dearth of discussion on the
subject of multple cracking, There was but une short discussion of multiple cracking and then only with respect to a
given single location. While this case is of interest and should be modeled and analyzed for cause and effect, the case of
multiple cracking must be addressed wherein second, third, ete., cracks appear in remote locations of a single structure,
e.g., first 1n a bult hole of a turbine disc then in a second bolt hole or the web nonadjacent to the first crack. While this
analysis may be difficult, it dues represent real expericnce with some evidence that secondary remote cracking may
delay ur utherwise affect imttal crack growth in sume structures, Such suphisticated analysis is an area which should be
reviewed for progress and focused effort,

The third major topic area covered recent results of engine cyclic testing and correlation with field experience.
Presentations by Ponsford, Guibert, and Clayton reviewed extensive cyclic testing of RB211, CFMS56, and F101 engines. In
the case vl the RB211, this commercial in-service engine developed a turbine blade life problem which was resolved by
redesign resulting frum terative tadoring of an “intenstve cychic endurance™ test until Jistress seen in the test cycle could be
wortelated wath that seen in the field. The test was designed to demonstrate full serviee life in this case, which prior endurance
testing to imtial cerufication requirements did not accumplish, The need for careful cuntrol of test cunditions was stressed,
stiwe 1t was found that loeal environmental conditions gave initial test results nonrepresentative of usage. For the CFMS6,
Guibent desenibed the careful modeling done as part of the fan design to satisfy bird strike reguirements. Screening tests and
phutuelastic techarques were used (Paper 3). Corielativn between AMT cydles and field usage is eacellent due to continuous
traching of usage and resultant AMT updates. Using this data and analysis techniques, AMTs for new engines are structured
based upun prujected usage and its relativnship to privr usage 1n similar applications. Althvugh these AMTs are only as valid
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as their relative similarity to the initial application in the field, encugh experience now exists to expect reasonable correlation
wherein imitial distress seen in the field will be quite predictable and thus maintenance planning and support activities can be
accomplished at levels close to the expected. This leads to orderly introduction of engines into service and, importantly,
orderly introduction of design improvements rather than the disorder of early and unexpected failures, followed by interim
fixes, redesign, ultimate fixes, all on a time constrained basis. However, even with the growing cenfidence of the engine
community in the validity of AMT and ENSIP philosophy, it is also true that AMT is expensive. Therefore, it is highly
desirable that improved, more extensive analysis in the areas mentioned be accelerated to reduce the amount of required
testing and thus reduce test costs. Farmer’s paper (Paper 20) emphasized the need for more efficient test technique to keep
development costs down and described the “core engine* test facility now in use at Pratt & Whitney which allows for proper
full engine environmental testing of the core outside of full engine tests. Both he and Clayton emphasized efficient use of test
time focused on those parameters which drive life limits. The previously discussed LAT testing also shows excellent potential
to reduce total test costs. Both Clayton and Farmer also emphasized the need for improved inspection techniques which are
usable in the field in order to assure proper engine life management according to established inspection criteria.

Finally, the author’s summary comments covered two areas not previously discussed in the meeting, but of significant
importance to engine structural analysis and testing. First discussed was the area of facilities for AMT. This extensive cyclic
testing, especially of augmented turbofans, has required redesign of facility hardware, both for creation of the proper
environmental test conditions and for durability of facility hardware itself. Particular attention must be paid now to fuels, oils,
and horsepower extraction equipment in order to assure temperatures and flows appropriate to engine AMT conditions are
maintained. Strengthened test stand frames, inlet screens and louvres, and exhaust diffusers are required. Overall facility
maintenance costs are increased. Attention is required to devise means of reducing these costs. The second of these final
areas of discussion emphasized that engine qualification still involves extensive sea level testing, testing in altitude facilities
and flight testing, with all this testing done essentially to demonstrate capabilities other than that for durability. There needs
to be some investigation of how to relate the extensive instrumented performance,/operabtlity testing done in altitude test
facilities with the sea level AMT type testing. Selection of some key operating points and test parameters which can be
related between sea level and altitude tests is needed to assure valid performance and Curability relationships. These
relationships must be established in order to acquire improved levels of both at acceptable cost.

4. CONCLUSIONS AND RECOMMENDATIONS

Progress in improving turbine engine durability since the initial applications of this powerplant to aizcraft systems in the
1940s has been impressive. In fact, a good argument can be made that there is no area of total aircraft system design where
progress has been so significant as that for engines, in terms of both performance improvement and durability improvement.
However, it1s also true that engines are expensive to acquire and even more expensive to maintain. A major reason for this
high total cost of ownership has been due not only to engine life being less than desired, but even more significantly engine/
component, part lives being less than predicted. The resultant instabilities in the engine support system, especially at initial
flect introduction have caused significant, unplanned cost variances as well as shortfalls in system reliability and availability
for the mission, whether military or civilian in application.

This situation has led to intense management interest and research and engineering effort to improve not only engine
life itself but the ability to accurately assess and predict engine and engine component life, durability characteristics. Progress
in the past decade in buth testing and analysis techniques has been significant, particularly in the improved understanding of
the major impact of low cycle fatigue (LCF) un engine, ‘enginc part life, especially with respect to engine hot section part life.

Considering this historical background, it was very timely to conduct this specialists’ meeting to review status and
progress in engine cyclic durability and the relawed analysis and test techmques. This secion summanzes the conclusions of
the review of what is a very broad area of aero-thermu-mechanical technical disciplines demanding the most sophusticated
and advanced analysis and test techniques.

As afirst conclusion, the concept of Accelerated Mission Testing, by this and other names (e.g., ICE — Intensive Cyclic
Endurance) has become well aceepted for buth military and civil applicativns, Data summanzing three different in-service PR
engines, RB211, CFMS56, F101, were presented as well as a paper summarizing US Air Force application of AMT as part of — o
aspedified engine qualification process. Excellent correlativn between engine component distress seen both in field usage e
and in AMT is being achieved. Special care must be taken to assure tests are representative of field conditions, which
requires both that field usage be measured and tracked cunsistently for any changes and that test conditions be carefully
contrulled to assure valid environmental representation. Experience in structuring AMTs based on projected field usage 15

expected to give guod correlation with initial field experience for new engines in new applications. This 15 extremely .

important in introducing engines tu the ficld with pruper support in terms of spare engines, spare parts, and maintenance :,‘

actiuns, It is important to note, however, that AMT does nout provide all answers for engine life and durability predictions. It — . -

is most effective at, and principally focused toward, early identification of hot section distress, although it dves provide RN

excellent information un carly part wearout characteristics and related maintenance actions, performance degradation - :-:. .
characteristics, and high cycle fatigue (HCF) respunses. AMT, to be most effective, needs to be part of an iterative process of . o .: K

Durability and Damage Tolerance Assessment (DADTA), test and analysis, redesign, etc., which is embodied in the US Air
Force ENSIP philosophy.

The nced for an iterative process of test and analysis leads to a second conclusion. Engine and engine component
structural analysis and the related modeling techniques have also made great strides in the past two decades. However,
further impruvement is needed in several areas. Early mudels missed many of the complex luading relauonships and a large




number.of the papers, as well as the most extensive discussions dealt with synergistic effects of sequencing loads/stresses,
sensitivity of life calculations to boundary constraints and input variations, and safety/failure thresholds for damage
accumulation accounting. Central to modeling and anatysis is the generation of materials properties under proper
environmental and metallurgical conditions. Potentially of greatest impact to engine life management in the field is to move
toward the “damage tolerant” philosophy as opposed to the conservative “safe life” approach historically used for turbine
engines in aircraft applications. The “damage tolerant” concept will significantly increase useful component lives with
resultant major reduction in support costs. It is central to the US Air Force DADTA, AMT, and ENSIP approach, but is
absolutely dependent upon accurate materials properties, related fracture analysis of crack growth from some threshold
crack size, and controlled test verification.

Also noted as needed major improvements in expanded analysis capability are: attention to multiple cracking wherein
analysis of the cffects of the appearance of second, third, etc., cracks is n.zeded tor component locations remote from the
imtial crack, and addition of “secondary” part,’design detail analysis to models which currently address essentially only major
or primary parts. The latter leyel of sophistication will address seals, blade retainers, flanges, shrouds, etc., in addition to
“primary” structures such as discs, blades, cases, ducts, and struts. Premature and unpredicted failure of these “secondary”
structures is typical of current experience. Furthermore, failures of these structures, their related secondary damage, and
resultant enginie removal rates are driven as much or more by these “"secondary” structures than by the “primary” structures.

The disagreements evidenced in the papers and discussions as to level of effort, specific areas of concentration and
improvement in this general area of modeling and analysis is healthy and a fertile field for further intense and focused effort.

It is recommended that AGARD , give consideration to a combined SMP/PEP session to expand the dialogue and,
hopefully, accelerate understanding and convergence of solutions in the area of modeling and analysis techniques.

If AMT has been zccepted as a valid test technique and component analysis,modeling has made great strides in the past
decade, so there has also been great progress in data acquisition and test techniques. Both valid AMT and improved
modeling are absolutely dependent on accurate measurement of temperature and load-induced stresses. A problem exists in
the fact there is no direct correlation between recordable engine parameters and component time-related response.
Therefore, there 1s a question as to the volume of data needed and levels of accuracy of the various component data to gain
valid life assessments and predictions for specific engine designs. This question applies to all testing and analysis, but is of
special importance to in-flight engine data acquisition and analysis. While on-board engine health monitoring systems are
necessary for engine maintenance and overall management, the level of data acquired for, and the amount of, on-board
analy.is and diagnostics is in question. The capability for real-time calculation of transient thermomechanical stresses would
appear to require very extensive data storage and high levels of accuracy to provide valid life prediction and analysis. As
these systems are widely applied not only in airline usage, but in more diversified military usage — the US Air Force is
requiring them as part of all new engine acquisitions — the question of data volume, level of processing and required
accuracy for engine life management in the ficld will be resolved.

It 1s recommended that future PEP meetings include papers and progress reports on this area from both military and
civil applications. As 1n the general area of modeling and analysis previously discussed, the acceptable compromises among
computational power, accuracy, and cost must be established.

Since cost s always of high importance, an important conclusion of this session is ihat improved efficiency of test and
modeling techmques is required. While good correlation of AMT and field usage-related distress is being achieved, AMT
adds significantly to test hours of a typical engine development with resultant increased cost of hardware, fuel and test
support. Also, AMT beng essentially a cyclic test series, is very hard on the test facilities used. Test cell durability itself and
the cust of its upheep and repair as well as that of ancillary test equipment is increased. Equipment for fuel and oit handling
and power extraction must be more closely designed and controlled to assure valid engine and component test conditions.
Approaches to reduce required test time are thus needed. The LAT approach and “core engine™ testing described in this
meeting are typical of improved test approaches which promise to reduce required AMT hours. Also, AMT is but one type
of overall qualification testing. Extensive testing 15 also accomplished to establish sea level and altitude performance
capabilities of an engine and its compunents. Selection of some hey operating points and test parameters to cross-correlate
and validate performance and durability test data is needed. Sume portivns of cach type of testing and analysis may thus be
shortened and models improved along with overall cost effectiveness.

It 15 recommended that PEP review current efforts to utilize and cross-currelate the various test data acquired in
cumpunent, engine qualification activities for potential arcas of improved understanding of performance, durability trades
and overall test efficiency.

A final comment — performance and durability goals are not necessarily opposcd, they can be complementary in
today's advanced engune designs. For instance, durable seals, retainers, nuzzle actuators, as well as primary gas path part. are
mandatory for goud performance retention which is nuw clearly recognized as being important enough to trade for peak
imitial perfurmance. Reliable, predictable performance retained for long periuds at slightly less than the maximum
performance available from a new engine is of far more operational value than a maximum performance level which quickly
detenorates to sigmificantly lower levels, This has brought us to a period of engine design wherein we must treat performance
and durability as inseparable from the moment of initial design and throughout the useful life of an engine. As nuted in these
Conclusivns and Recummendations, much progress has been made in engine durability through improvements in design,
analysis, and test. It is apparent much work is yet to be dune and meetings such as this 63rd (B) Specialisis’ Meeting of the
PEP with SMP suppurt can be very fruntful in helping to fucus and priontize NATO reseatch and develupment energics in
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IN-FLIGHT EVALUATION OF LCF LIFE CONSUMPTION OF CRITICAL
ROTOR COMPONENTS SUBJECTED TO HIGH TRANSIENT THERMAL STRESS

G. E. Breitkopf and T. M. Speer
Motoren- und Turbinen-Union Miinchen GmbH
Dachauer Strasse 665
8000 Munich 50
West Germany

SUMMARY

Utilization of the full life potential of critical gas turbine engine rotor com-
ponents is possible only subject to adequate knowledge of the actual engine usage.
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There is no simple correlation between the primary operating parameters and the
stresses at critical points for components subjected to thermal stresses. For these
components, the individual on-board calculation of the life consumption for each
critical point during the f£light is the most accurate and handiest method.

An essential part of the method is a speedy and adeguately accurate approximation
procedure for determining the transient temperatures and thermal stresses.

An algorithm for computing LCF-life consumption on this basis is introduced, which
can be included in a microprocessor for on-board in-flight evaluation.

The principle behind the method consists in that the heat-conductive structure

is taken to be a multidimensional transfer system, with the temperature being the
system variable, and speed, gas temperature and gas pressure being the control
parameters. The transfer characteristics are determined by finite-element analysis
of appropriate test signals.

Nomenclature

T temp. distribution, field, profile (absolute)
6 temp. distribution, field, profile (rel. to gas temp.)
TG gas temperature across the disk

pG gas pressure across the disk

N speed

t time

At time interval

n number of "distinctive" points

o time scaling factor

A weight factor

Subscripts

] denotes the j-th basic function

1 Introduction

The durability and reliability of highly-stressed turbine rotors of modern
jet engines can be assured only when based on a design system that takes
into consideration both the design and the utilization phases.

The essential components of such a system,and their interactions are described
elsewhere, for example see Tiffany et al.™.

According to the crack initiation-based safe life concept usual today, a
specific life is determined for each critical point of the highly-stressed
components in terms of reference cycles, where a failure probability can

be allocated for each number of cycles complcted. To the number of cycles

on which approval for usage is based there belongs, in particular, an accepted
residual failure probability. If this number of cycles is exceeded during
usage, the probability of failure increases.

By way of example, figure 1 shows the conditions at the bore of a high-pressure
compressor disk, where 3,000 load cycles corresponds to a failure probability
of 0.1%. If this figure is exceeded by 10%, the failure probability increases
from 0.1% to 0.28%, that is to say almost threefold.

Similarly, with a retirement for cause concept the reliability depends on

the knowledge of the actual number of cycles completed. It depends on the
certainty of cracks being discovered in good time by inspection. The intervals
between inspections depend on the usage.

However, the load history of turbine rotors in military aircraft engines
is seldom known. This means that the number of cycles completed must usually
be taken to be a stochastic value, for which there exists an estimate of
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The reason for this weak spot of the system is attributable to the fact that
there is no simple, clear relationship between easily available parameters
from usage, especially flight duration and nature of mission, and the corre-
sponding number of cycles completed.

It is much easier to make such allocations if standardized operating sequgnces
which include typical characteristics of actual flights, e. g. AMT cycles

can be used as a yardstick of the fatique strength of a component, rather

than using simple min./max. reference cycles. However, there are also no
simple correlations for converting flights into the equivalent number of

such standard sequences.

There are three basic methods for determining the usage:

- The use of overall cyclic exchange rates for converting the flying hours
into the number of completed reference cycles or sequences;

- The use of different cyclic exchange rates depending on the nature of
the mission flown, and

- Calculation subsequent to each flight on the basis of the time history
of the relevant flight and engine parameters.

Experience shows that the life consumption based on flying hours varies ‘con-~
siderably for the same,type of aircraft and engine in military usage, for
example see May et al.”. Differences of a factor of 10 from flight to flight
are nct uncommon.

Hence, for reasons of both economy and safety, the use of overall cyclic
exchange rates can be acceptable only when the mission mix of all the air-
craft is known and all engines undergo the same mission mix, and when the

life consumption for this mission mix is known. Generally, all three prerequi-
sites are not sufficiently met, meaning that high exchande rates must be

used.

In the case of the safe-life concept, the proportion of the inherent cyclic
strength of components, which is not used by the average engine, consequently
considerably excgeds the value which is already high as it is, for example
see Annis et al. . With retirement for cause, on the other hand, very short
inspection intervals are obligatory.

Evaluation of the flown missions using different cyclic exchange rates is
probably the most commonly used method. In contrast to the method of using

the overall cyclic exchange rates, this procedure offers the chance of appreci-
ably greater accuracy. ’

If flown missions are classified according to specific characteristics and
the relevant cyclic exchange rates are determined on a broad data basis for
each class, this method can have sufficient accuracy for cold section parts,
and it can be the optimal solution for such components in respect of the
contradictory aspects of safety and life cycle costs.
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But this is not very probable when it comes to the hot section components,
since appropriate classification of flights in this case is very elaborate.

Y
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2 Acquisition of life consumption of hot section parts
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Essentially, cold section components are stressed by centrifugal forces,

which depend linearly on the square of the rotor speed. Consequently, for

these components there is a clear correlation between the speed characteristics
and the load history.

51

In contrast, the stressing of the hot section components results only from
the superimposition of the centrifugal force stresses on the thermal stresses.
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The thermal stresses are a function of the temperature distribution in the
relevant components. As a result, in comparison with all primary operating
parameters, such as thrust, gas temperature, speed and gas pressure, these
stresses exhibit the same complex time behaviour as the rotor temperatures.

1
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With values of between 1 and 1,000 seconds, the time constants of the dynamic
temperature behaviour are several orders of magnitude greater than the time
constants of the operating parameters. Consequently, any clear relationship
to the time behaviour of the operating parameters becomes lost in the load
history of the hot section parts. Furthermore, the load characteristics of
the various critical areas of the rotor are no longer similar. This is made
clear in figures 2, 3 and 4.

Figure 2 shows the behaviour of the gas temperature in a rear stage of a
high-pressure compressor and the temperature behaviour at two points of the
disk for a tactical air/air mission.




It is recognizable that at its rim, the disk temperature follows fluctuations
in the gas temperature, which is closely related to the speed, whereas the
disk bore reacts to temperature fluctuations with considerable sluggishness.

The relevant loading for the two typical, critical areas rim and bore is
plotted in the form of the maximum principal stress over the time in figure
3 and 4.

During the departure phase, high thermally-induced compressive stresses occur
in the rim, giving rise to a negative overall stress here. Deceleration causes
corresponding thermal tensile stresses to occur, to which the likewise posi-
tive centrifugal force stresses are added. On the other hand, during acceler-
ations thermal tensile stresses, and thus high positive overall stresses,
occur at the bore, whilst thermally-induced compressive stresses occur during
decelerations.

Although there exist similar general patterns of the stress—time character-—
istics for other critical areas of rotor disks as well, the time behaviour

of the loading at a critical point nevertheless in detail represents a sequence
of stress maxima and minima with continudusly varying mean stress and tempera-
ture, whose relationship to the primary operating parameters is not immedi-
ately clear.

Therefore, classification of the flights must be made on the basis of the
individual characteriscics of the time bebaviour of the primary operating
parameters, which exect a significant influence on the stresses at the critical
points.

Figure 5 represents the general coursz of a flight on the basis ofsthe time
behaviour of the rotor speed, as also used as a tool for TURBISTAN~.

Apparently the beginning and end of the flight, including the elements ground
time and departure, and landing and taxi, respectively, are of a deterministic
character, with regard to both the succession of the elements and the pattern
of the elements. However, the beginning and end of the flight include a number
of parameters, such as duration of warm-up period or number of checks, whose
value is shown to be random. In contrast, with the centre manoeuvring elements,
it is their number, sequence and length as well as the pattern of their time
function which are random.

The figure shows the main characteristics which exert the greatest influence
on the stress behaviour of the hot section parts, and consequently on the
life consumption during the flight. In principle, the influence of any single
parameter cannot be regarded separately from that of the others.

As an example of the influence of these parameters, a duty cycle with three
different warm-up periods of 3, 10 and 20 minutes is represented in figure 6.
The thermal stress behaviour is plotted with the speed behaviour for a high-
pressure compressor disk, where the stress minimum and maximum of the main
cycle are identified for the three periods. The shorter the warm-up phase,
the lesser is the stress minimum and the greater is the span of the main
cycle. With a warm-up period of 3 minutes in comparison to 20 minutes, the
life consumption during this flight increases by 52%.

As highlighted in table 1, the flight characteristics, which are at first
random, are determined by the conditions of the flight. A distinction is

made between conditions that principally affect the mission mix and those

that particularly affect the life consumption of a mission of a specific

nature, as well as those which chiefly lead to discrepancies in the accumulated
life consumption of a specific rotor with average consumption of the collective.

It becomes clear that the method of different cyclic exchange rates is likely
to provide only a very limited degree of accuracy as long as just a few of
the many important f£light conditions, such as the mission profile of the
formation and geographical conditions of the operation area, are considered.
Furthermore, it is apparent that the criteria number of throttle excursions,
number of full thermal cycles and engine hot time, previously often used,
will not suffice for suitably accurate assegsment of flights.

On the other hand, experience shows that under the conditions of actual oper-
ation, the large number of influences in no way means that a lengthy operating
time of each engine will always regult in a mean life consumption within

an acceptable scatter, see Koschel . Thus, with simultaneous high utilization

of the inherent life of the components, the risk of overshooting the approved
usage period could be avoided only when the missions actually flown are assessed
on the basis of the numerous pertinent criteria.

However, in all probability this would be practicable only as an interim
solution. Instead, the on-line computation of the life consumed during the
flight, and individually for each engine, out of the measured relevant flight
and engine parameters offers itself as the best solution. This procedure

is appreciably more accurate, is less cumbersome and avoids the large logistical
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expenditure required by'tge on-ground evaluation of recorded £light data,
for example see Bertolina'.

The general procedure is illustrated in figure 7, where the flight is processed
in steps in real time. First, the gas temperatures and pressures for each

step are determined from the relevant flight parameters speed, altitude and
outside temperature and from the engine parameters speed and turbine section
gas temperature. Next, the momentary temperature distribution in the hot
section parts is calculated. From this the momentary thermal stresses are
derived. The centrifugal force stresses are calculated as a function of the
engine speed, and are superimposed on the thermal stresses to give the overall
stresses. The time functions of the overall stresses are broken down into
cycles, and the corresponding damage for each cycle is worked out and accum-
ulated.
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Because the thermal stresses have very great influence on the life consumption,
they must be calculated with great accuracy. In particular, the determination
of the time behaviour of the temperature distribution in the critical compo-
nents, necessary to achieve this high accuracy, presents a problem. There

is no known analytical solution of the partial differential equations, which
describe the temperature time bzhaviour of the rotor structure, for complex
geometries. Moreover, precise numerical methods (finite-element or difference
methods) , which would otherwise be used, do not come into question because

of the time and the amount of computer hardware they reguire. Consequently,

a rapid and accurate approximation procedure must be used.

Such a procedure is described below. A suitable method for the on-line calcu-
lation of the accompanying thermal stresses is also given.

3 Temperature aporoximation

3.1 Rotor as transfer system

The heat-conducting structure of a gas~turbine rotor may be regardsd as a
transfer system, as illustrated in figure 8.

If the operating parameters are held constant for a time, a quite specific
temperature distribution in the rotor at the end of this period will result
from the temperature distribution at the beginning of the period and from
the value of the operating parameters. This final temperature distribution
may be regarded as being the response to the input signals "operating para-—
meters" and "initial temperature distribution".

The search is for the system response at any time to any initial temperature
distribution and any value of the operating parameters. In principle, the
procedure in the method presented here is that, first, the system response
to a set of selected values of the input variables is ascertained once and
for all. Then, to carry out a time step, the actual vector of the input vari-
ables is represented in suitable manner by the selected input signals. This
occurs essentially by superimposing the initial temperature distributions

of the set. The system response is then in the form of an analogous superim-
position of the corresponding known system responses. Thus, it is possible
to deduce the actual temperature development from known temperature develop-
ments, resulting from specific initial temperature distributions, commencing
with the given temperature distribution in the rotor.

)
NI
o

A

B
)

3.2 Basic functions

Thus, the basis of the approximation method consists in a set of initial
temperature distributions, for which the eventual temperature development

~ the system response - is known. This response is known from a finite-elemen.
analysis of the rotor, which is based on rig tests. Using this numerical
model, the temperature development of the rotor with constant operating para-
meters up to steady-state condition is calculated in time-steps for selected
initial temperature distributions. Every momentary transient temperature
distribution, occurring hers, is available for the approximation as an input
signal in the above sense, since the response - the eventual temperature dis-
tribution after an interval of arbitrary duration - is known. Each of these
calculated temperature-time relationships is called a "basic function".

The information about the behaviour of tho complete heat-conducting structure
is provided for the approximation by means of these basic functions.

3.3 Remarks

The continuous behaviour of the operating parameters is replaced by a step-
by-step constant behaviour, where the values of the operating parameters

at the end of an interval are taken to be constant for the whole interval.
This appiroaches the real situation accurately enough, since the intervals
under consideration are short. The duration of the shortest interval is 0.5
seconds; longer intervals are acceptable with slight operating parameter
gradients.




3.4

3.5

3.5.1

The individual rotor stages are treated separately insofar as their tempera-
ture fields are approximated individually. This is possible for two reasons:

- The thermal coupling between the disks is far smaller than the heat convec-
tion from the disks to the ambient gas and than the heat transfer within
a disk;

- The information about the thermal coupling between the disks is contained_
fully in the basic functions, and is used by the algorithm for the'approxi-
mation of the temperature field of the disk under consideration.

Below, 'temperature distribution’ is used for denoting the temperature at
all points of the complete rotor, and 'temperature field' for the temperature
of a disk.

The temperature development of a disk is determined by the initial tempera-
ture field of this disk as well as by the operating parameters:

- Speed N
~ Temperature of the gas T, across the disk
- Pressure of the gas Pg agross the disk

The speed N is generally present as a measured quantity. The values T, and

p. are calculated from the measured operating parameters 'total condigion'

ag the engine intake and in the turbine section and speeds, from relationships,
which arise out of the engine performance map.

Summarized algorithm

The transient temperature field development of a disk is evaluated time step
by time step. In each time step the known quantities are the initial tempera-
ture field of the disk and the values of the operating parameters. The sought-
after quantity is the temperature field following the elapse of the time-
interval At.

The calculation reguires a number of steps (figure 9):

- From every basic function, determination of that momentary temperature
profile which corresponds best to the actual temperature profile

- Representation of the actual temperature profile as a linear combi-
nation of some of the best corresponding temperature profiles

~ Adaptation of the time scales of the basic functions to the actual values
of the operating parameters

- Combination of the temperature changes in the basic functions in accord-
ance with the linear combination found, in order to proceed by the time
interval At.

Principle behind algorithm

The starting-point of the temperature approximation for a time step is charac-
terized by the temperature field at the beginning of the time step and by
the operating parameters taken as constants for the whole interval.

For the further temperature development, it is the position of the initial
temperature field in relation to the gas temperature that is relevant, rather
than the absolute level of the field. Hence, instead of the 'absolute' tempera-
ture fields T, the 'relative' temperature fields & = T.-T are considered.
Similarly, the basic functions T. are converted into 6. = Tg.5 =~ Tar with

the gas temperature TG,j being uded as a basis in theirJcalciidtion?

The influence of the initial temperature field and of the operating para-
meters on the eventual temperature development - i. e. on the transfer charac-
teristics of the rotor - can be kept largely separate. The eventual tempera-
ture field is continuously and, within limits, linearly dependent on the in-
itial temperature field. This is to say, for a given fixed initial tempera-
ture field, the non-linear transfer system will be approximated by a linear
one for initial temperature fields, adjacent to the given one. For a given
rotor structure, the time constants which determine the transfer character-
istics change mainly in dependence on the operating parameters.

Determination of most suitable temperatnre profile from basic functions

The system behaviour subject to constant operating parameters is contained

in the basic functions. If there is a point in one of the basic functions

at whicl: the (relative) temperature field coincides with the actual (relative)
temperature field, the further temperature development can be read directly
from this bacic function. However, this is generally not the case. Consequent-
ly, the times at which the temperature field of the basic function and the
actual temperature field exhibit the best possible agreement, i. e. minimum
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3.5.2

3.5.3

3.5.4

of squares sum of the differences in the temperature at the individual points
of the rotor system, are evaluated from all basic functions.

The shape of a temperature field of a disk can be characterized with suffi-
cient accuracy by the temperatures at a few points. This is explained by
figure 10, which as an example shows a high-pressure turbine disk and the
temperature plotted versus disk radius for characteristic steady states and
transient states, covering the whole spectrum of the operating conditions.

All these fields can be represented by the temperature of just three marked
"distinctive” areas rim, web and bore. However, more complex shapes of disks
may require a somewhat higher number (n) of distinctive areas.

If two temperature fields at the distinctive areas correspond, i. e. have
the same 'temperature profiles®, their subsequent development will also be
the same, subject to the operating parameters being the same. Thus, at any
time in the future, the temperature changes at all points, referred to the
initial temperature, will approximately agree.

Hence, in the search for similar temprrature fields of the basic functions,

it is sufficient to concentrate on the temperature differences at the distinc-
tive points. Por every basic function there will then be a temperature profile
which best approximates the actual temperature profile.

Representation of actual temperature profiles as convex linear combination

Selecting the n+l best temperature profiles and isolating any duplicates,
the actual temperature profile is represented by a convex linear combination
of these n+l profiles. By definition a linear combination is convex when
none of the coefficients concerned is negative and their sum equals 1. The
following geometrical approach may be of assistance here: the temperature
profiles give the temperatures at n points of the disk. Each profile represents
an n-dimensional vector or a point in an n-dimensional space. In the above
case of n=3, the thus-determined four temperature profiles form the corners
of a tetrahedron (three-dimensional space), in the interior (including boun-
dary) of which lies the point of the actual temperature profile (precisely
then the linear combination is convex).

Interpolation of eventual temperature

Having obtained such a linear combination, one proceeds with the aid of the
known temperature development of the basic functions whose temperature pro-
files go into the linear combination: for every point on the disk, the tempera-
ture change is represented for the time in question by a linear combination

of the known changes in these temperature fields, using the same linear combi-
nation as in the representation of the initial temperature profile.

This procedure is based on the local linearization of the transfer system.
This is illustrated geometrically by the fact that the relative position

of the actual temperature profile in the above-described tetrahedron is main-
tained for short intervals during the temperature development. Expressing

it more formally, this means that for each point under consideration, the
temperature after a short interval is a function of the initial temperature
profile. If this profile changes, the consequent change in the eventual tem-
perature is linearly dependent on this change in the initial profile.

This linear interpolation of the eventual temperature is permissible because,
firstly, the assumed linearity of slight changes in the initial temperature
profile can be confirmed on the basis of known temperature - time behaviour
and, secondly, it is ensured that the temperature profiles processed are

not far removed from one another, since they all lie close to the actual
profile.

If none of the possible linear combinaticns, used for representing the actual
temperature profile, is convex, the above procedure corresponds to a linear
extrapolation, which in certain circumstances can lead to considerable inac-
curacies. The procedure to be followed in this situation is described in
section 3.5.5.

Transformation of time scale

When interpolating the future temperature development, it must be remembered
that the time constants of temperature field changes depend on the operating
parameters (N, TG' pG).

Essentially, this is a consequence of the dependence of the heat transfer
coefficients on the operating parameters. Consideration of the future tempera-
ture development of ldentical relative temperature fields with differing
operating parameters reveals that the individual temperature - time charac~
teristics can be made to coincide approximately by modifying the time scaling.
Based on the nature of the functional relationship between the operating
parameters and the coefficients of heat transfer, the time scaling factors




3.5.5

can be evaluated as being proportional to appropriate powers of the operating
parameters.

In tracing the temperature development of the disk back to that of the basic
functions, the difference between the actual operating parameters and the
operating parameters associated with the basic functions must be borne in
mind. For this, the time scales of the basic functions are adapted to the
actual operating parameters by means of the time axis scaling factors.

To determine the eventual temperature of the individual points used for the
interpolation, one proceeds in these shortened or lengthened basic functions
by the actual period under consideration.

Treatment of profiles with no possible convex linear combination

If no convex linear combination can be obtained for representation of the
actual temperature profile, in the case of n=3 the profile will be located
outside the tetrahedron spanned by the basic function temperature profiles.

Comparisons have shown that as long as temperature profiles are not too far
removed from one another, the ratio of actual to future temperature is nearly
constant point by point. Consequently, the eventual temperature of the actual
temperature profile can be calculated safely point by point from the future
temperature of that profile on the surface of the tetrahedron adjacent to

the actual profile.

Computation of transient thermal stresses

The thermal stresses are a function of the momentary temperature distribution
for a given rotor structure.

Experience shows that very simple set-ups, such as linear combinations of
characteristic temperatures, for example, can be found for representing the
thermal stresses from the temperatures.

For example the thermal stresses in all critical areas of the disk shown
in figure 10 can be optimally represented out of a linear combination of
the three typical areas bore, web and rim.

Accuracy

The applicability of any fast method of approximating transient temperatures
and stresses to a great extent depends on the accuracy of the method.

An accuracy estimation of the method under discussion on an analytical basis
would involve considerable difficulties, and has therefore not been attempted
so far.

However, the accuracy of the method can be estimated by examining sample
applications.

Such a sample flight is shown in figure 11, The sequence of events includes
the take-off phase, various cruise and manoeuvring elements and the landing.
Intermittent constant conditions have been assumed for this flight. This
means that the work involved in modelling the boundary conditions in tha
exact numerical model remains acceptable without diminishing the validity

of the statement from the comparison of exact temperatures (FE full analysis)
and approximated temperatures.

The temperature behaviour of the disk depicted in figure 10 is shown for

the areas rim, web and bore. The maximum error in modelling the temperatures
amounts to 25 K. The differences between the three characteristic temperatures
are approximated with a maximum error of 35 K. These maximum errors are typical
maximum values, and in principle they can be reduced at will by increasing

the number of applied basic functions.

For assessing the accuracy of the stress modelling with given temperature
distribution, the error is shown in figure 10 as the difference between exact
thermal stress (finite element calculation) and approximated values for the
critical area bore. The maximum error is 2.1% of the maximum thermal stress
that occurs.

Finally, for the critical area bore, the exact overall stress and the stress
determined by the temperature and stress approximation are represented in
figure 12 for the example sequence shown in figure 1l. The maximum error
amounts to 6%, which is likewise a typical maximum value.

Calculation effort

Next to the accuracy, the most important criterion concerning the applica-
bility of an approximation method is the amount of effort required.
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The computational «ork involved in the method under discussion is nearly
negligible in comparison with the time required for a full numerical finite-
element analysis.

Furthermore, the storage requirenments are such that the method can be applied
using a microprocessor, enabling the LCF of a rotor to be computed on-board
during the flight. With the 16-bit processors available today, this means
that all critical areas of the rotor subjected to high thermal stress can

be processed within a pericd of 0.5 seconds, thus guaranteeing real-time
compitation.

7 Conclusions

The calculation procedure under review offers the opportunity of a rapid
approximation of transient temperatures and thermal stresses in the rotor
structure of a- gas turbine engine.

The method can be implemented with the aid of a microprocessor system, permit-
ing the LCF life consumption of compcnents subject to considerable thermal
stresses, such as HP turbine and compressor stages, also to be calculated

with good accuracy in flight.

In view of the large scatter in the life consumption per hour flown and the
large number of influencing parameters, concerning the hot section components,
calculation of the life actually consumed per flight on completion of the
flight would seem to be the only method -that is simultaneously simple to
handle and sufficiently accurate to enable the cyclic strength of the compo-
nents to be used to the full.
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DISCUSSION

R.Tadros, Ca
Could you elaborate on your statement regarding thermal stress — “there is no known solution for the temperature
distribution in a component.” I prefer that you say there is no closed form analytical solution. Do you agree with me?

Author’s Reply
Yes.

R.Tadros, Ca .
On the basic function approach for temperature simulation, I consider this a special function that can be derived easily
from the finite element approach using either a steady or time-related shape function — do you agree?

Author’s Reply
The basic functions are derived from complete finite element (F.E.) solutions for the whole rotor structure: They reflect the
temperature distribution and its development at time intervals at constant operating conditions. A direct relation to the
“shape function” is not given.

R.Tadros, Ca
On your comments of accuracy of stress calculations showing figures of 6% difference between calculated and measured
stress results, I would like to say that this 6% can be dramatic with respect to life estimation and a 100% reducticn in life
due to a 6% difference in stress should not be a surprise — do you agree?

Author’s Reply
We agree that an error of 6% in the maximum stress of a flight cycle could result in a very bad estimation of the related life
consumption. However, based on the nature of our approach, the maximum error occurs at random during the flight. Thus,
the probability that it (max. error) coincides with a peak or a trough in the stress history is very remote, particularly with
regard to those of the maximum cycle.

P.Ramette, Fr
In your presentation you used temperature curves which depend only on the radius (of the disk). Don't you think that, for
cooled turbine disks for example, the calculation of the variation of temperature with the depth (axial depth) in the disk
should lead to more precise results for the stresses?

Author’s Reply
One must distinguish between the “distinctive points” of a disk and those points, the temperatures of which, are used for
the calculation of the thermal stresses in the individual critical areas. The former points are chosen with respect to a
sufficient representation of the temperature distribution within the disk. The latter points are selected so that they best suit
their purpose. Therefore, we work with surface points as well as with inner points, depending on the results of these
selection processes.

D.W.Hoeppner, Ca
Can you briefly discuss the methood (with assumptions) that you used related to the calculation of LCF damage as well as
the accumulation of LCF damage after you get the temperature-stress as you have described?

Author’s Reply
The method presented here provides the basis for every kind of damage evaluation technique since it gives the stress-
temperature history in the cnitical areas. The discussion of those techniques is undoubtedly very necessary, but we feel it is
too complex to be adequately covered by just the few words possible here. Most of us will do this (damage calculations) by
some linear accumulation method.

H.LH.Saravanamuttoo Ca
How many tempctatures in the gas path are actually measured in determining the temperatures in the various disks?

Author’s Reply
We need the total conditions at the engine intake which we get frum the measured parameters. Outer air temperature,
Altitude, Flight speed, and Rotor speed. In addition one turbine section gas temperature is tequired. The actual parameter
used 15 a turbine blade temperature in one case and an exhaust gas temperature in another. It depends on what is available
on the engine under consideration.
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R.Tadros, Ca ‘
With respect to the question asked by Dr Hoeppner (University of Toronto) regarding life calculation, the way Ilook at itis
using the damage caused by each stage in the mission given temperature and stress, and using Minor’s Rule for life
calculation, and knowing the material LCF curves, the total life of the component can be calculated — do you agree?

Author’s Reply
Yes. This is a common approach in the LCF life consumption evaluation technique that Dr Hoeppner has referred to.

A.A Martino, US
What inaterial properties do you use in your method/model and vhen de you obean i data?

Author’s Replv
Al rosiied informatics apout the ime tanperature-stress behaviour of the rotor structure is provided by the “basic
function” and related stresses in the critical areas. This data is derived from the same numerical (F.E.) models which are
used for the component design and lifing procedure. More precisely we use the temperature coefficient of the material and
other material properties normally available to ani engine manufacturer.

Mr Bergmann, Ge
What are the stresses you are calculating? Are they elastic stresses, equivalent stresses, multi-axial stresses ¢~ what is it?

Author’s Reply
For the example shown, we calculated an elastic stress and concentrated on the main principal stresses.

P
"
"
PR |

3
M

AT RY] N
X

R

S
o'
.
“ate
P

Y
2l
Letu’e

r
LAy Sy

.y -,
Y
A
o
]
«
-8,




1.

MONITORING ENGINE THERMAL STRESSES

T.M.EDMUNDS AND R.A.LAWRENCE

Rolls-Royce Limited,
P.O. Box 3, .
Filton

Bristol

England

SUMMARY

The high pexformance and rapid response of modexrn military engines means that

transient thermal stresses make a significant contribution to the fatigue life
utilisation of critical rotating components. This, coupled with the variability of
actual usage, raises a requirement for calculating transient thermal stresses from
flight recorded data.

This paper describes a computationally efficient procedure for meeting this

requirement., The analysis is based on a simplified model of the heat transfer and
mechanics of the engine that is tuned with results of more sophisticated finite
difference and finite element computations.

Applications to an engine disc are described using data collected by on-board

recordings. The results are validated by comparisons with more detailed theoretical
analyses ~ practical constraints preventing a direct measurement of in-flight stresses.

The integration of the results into the overall lifing procedure is also briefly

described. -

IHE SAFE LIFE METHOD

The finite, safe life method of ensuring engine cyclic durability is based
on a combination of analysis and testing. The low cycle fatigue endurance of each
potentially critical location is ascertained by cyclic testing. The safe life is
then determined as the number of zero-to-maximum reference stress cycles at which
the probability of occurance of an tfengineering crack'! is acceptably small. This
reference stress, and its associated temperature, is chosen to be representative
of the expected once per flight maximum, However, due to the variability and
complexity of actual usage, the resulting safe cyclic life cannot be used directly.

In oxdexr to be of use, the manufacturer!s cyclic life needs to be expressible
in termms of the usage parameter that the operator records. This is achieved by
monitoring a sample of service operation and computing the stresses and temperatures
experienced by each critical feature., These time histories are converted to an
equivalent number of reference cycles using a modified rainflow cycle extraction
procedure, a corxrection for the temperature at which the peak stress occurs and
linear summation of damage. This leads to a cyclic damage rate which, coupled
with usage records, allows the fatigue life usage of critical components to be
controlled.

The necessaxry approximations and algorithms for calculating fatigue damage
from engine data are discussed in reference 1, However, this paper only considexs
centrifugal and steady state thermal stresses and a major area of recent concern
has been the role played by transient thermal stresses. These stresses inevitably
make a substantial contribution to the low cycle fatigue life usage of modexn
military engines due to the rapid response and high temperatures involved. The
heat transfer rates necessary to reproduce the stresses are difficult, if not
impossible, to achieve on a cyclic rig and the technical problems of engine
measurement are equally forxmidable. The only practical methods of including them
in the lifing procedure are based on calculation.

To summarise, there is a requirement to calculate the temperatures and
transient thermal stresses from flight recorded data. This reqQuirement is equally
valid in alternative lifing methods.

ANALYSIS OF TEMPERATURE AND STRESS

The numerical analysis tools for the prediction of engine temperatures and
transient themal stresses are well established. .Starting from a description of the
flight'terms such as spool speeds, forward air speed and altitude the steps
involved arxe:

’-
[
.

LR I T




22

LR 8 ¥

Vot

2. ANALYSIS OF TEMPERATURE AND STRESS (Conttd)

o’
1;é i) Compute gas stream temperatures, pressures and velocities from the known
. perfommance characteristics of the engine.
7 ii) Compute the secondary air flows, such as cooling bleeds.
ﬁ iii) compute the gas/metal heat transfer coefficients from the above.
;% iv) Appiy these temperatures and heat transfer coefficients to a transient

heat- conduction model of the structure to predict the metal temperatures
through the flight.

P,

v) Transfer these temperatures to a structural analysis model and predict
the stresses through the f£light.

Various levels of sophistication are possible in the models used. A typical,
intermediate level, is illustrated in section 4 where a two dimensional analysis
of a high pressure turbine assembly is discussed.

The numerical analysis models all require substantial computational power
and storage and can only be effectively used on a mainframe installation. However,
a majox restraint on the service monitoring operation is the requirement to
operate on a mini-computer at a maintenance base and, ultimately, on an on~board

t
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micro-processor. The use of the above tools is impractical in these environments R
and hence, in order to meet the previously established requirement, it is necessary E?}}}H)h}
to construct a simplified heat transfer/stress analysis model that represents an e
acceptable compromise between computational power requirements and accuracy. The AR R

remainder of this paper is concerned with such a model,

3. TIHE SIMPLIFIED MODEL

The characteristic response time for some areas (defined as the time to
achieve 90% of the stabilised temperature) can be as long as 8 minutes for a
turbine disc cob centre whereas the mean time between major throttle movements
can be as short as 30 seconds during some phases of operation. This means that
a large number of transient events start from a non-stabilised state and/ox
themselves axe interrupted by a furthex change in engine conditions. As a
consequence methods based on the identification and stressing of discrete transient

4
e

- Ak
S

events have been rejected. ﬁiﬁjﬁ.&i
T --‘ 'L\:",':':"n

The approach adopted is to construct a very simple model of the mechanism ts\;}}}g
causing thermal stress and determine its parameters by curve fitting to the results b A
produced by more detailed models., These detailed models will already have been RN

analysed for some representative transients or datum flight as part of the normal
lifing procedure. The process of curve fitting to the results can be seen as a
way of condensing the vast amount of data involved in these analyses.

LICTAL
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The actual model used includes several assumptions about the behaviour of
temperatures and stresses:

Ky 4y 2,

i) Temperatures always decay exponentially towards the asymptotic value
that they would achieve if the current engine conditions were held
indefinately. These asymptotic values are linearly related to a local
gas stream temperature,

Wl

ii) The characteristic constant of the decay depends on the engine
conditions. Higher gas pressures and velocities being associated with
larger heat transfer coefficients.

iii) The thermal stress at a particular location is linearly related to the
temperatures of a small number of thermal masses. o3 i

e

Pt s

For a particular critical location, these assumptions lead to a thermal
stress given by: 3
d Y (k) = Z‘ K; T[(b)

,',
"' s
y

N
where i sums from 1 to N- the number of thermal masses that significantly NI
influence this location. The temperatures of these masses, Ti(t), are given ¥
by the numerical solution of the differential equation N X
AT/ = Hi (T - Tp) NN
. . e e . . ‘-“"“T o
with an appropriate initial condition at the start of the flight. The heat y-}\¢gﬂf
transfer coefficients, Hi, are taken as W DAY
. ISR R
3 -1 v DAY
Helk) = K¢ (N e/T. ) %‘-.._-.._.._ -




3.

THE STMPLIFIED MODEL (Cont!'d)

where N,P and Tc are spool speed and representative local gas stream pressure and
temperature respectively and the functional form used is based on experimental
correlations. The asymptotic temperatures, Tia, are assumed to be linearly
related to gas stream temperature by

Tia(E) = KT + K%,

This model has 5N parameters, Ké s but some simple manipulation shows that only
4N of them are independent - K} can be set to an arbitrary value without
effecting the possible foxms of O(t).

In addition to stress, fatigue is dependent on metal temperature at the
critical location. This is predicted using exactly the same equations as above -
the only difference being the units of K and the replacement of & (t) by T(t).

In the simplest case of a thermal flignht between two discrete structuradi
elements, N would be 2 for stress prediction and the K> constants would be equal

and opposite. Similarly, the simplest temperature case would have N as 1, It
has been found in practice that acceptable predictions can usually be obtained
bv increasing N to 3 for stress prediction and 2 for temperature prediction.

The curve fitting process used to determine K% is a standard one that aims

to minimise
2
z ( O - 651019;;)

HoDEL MODEL

with a similar expression for temperature, This problem is non-linear, least
squares minimisation that is solved using a commercial Levenberg-Marquardt finite
difference algorithm, Starting from an initial guess, each parameter is varied
in turn and a linear least suqares approximation to the local behaviour of % is
constructed. From this a new estimate of the optimum parameters is made and the
procedure is repeated. This continues until successive estimates of all the
parameters are within 0.1%. The final values and the above algorithm then form
the simplified model fox one particular critical location.

The parameters determination process is numerically very sensitive and
standaxd techniques for solving the differential equation for Ti(t) have proved
inadequate. In order to obtain reliable results a complex, semi-analytic
solution procedure has had to be developed, When applying the resulting model
this complexity is unnecessary and simpler methods are adequate.

VERIFICATION

In oxdexr to demonstrate the ability of the simplified model to adequately
reproduce the results from a more detailed analysis, the high pressure turbine
assembly of a military engine has been analysed. The steps involved axe:

1. Analyse the temperatures and thermal stresses occurring during transients
between zero and ground idle, ground idle and combat and combat back to
ground idle.

2. Use the procedure of section 3 to construct simplified models from these
results.

3. Apply these simplified models to a nominal, representative mission and
check its predictions against a detailed analysis of this mission. The
comparison is done on thermal stress.

The second flight was deliberately chosen to include features not in the original
analysis. In particular, transients to and from different engine states and

transients away from non-stabilised conditions were included. These provide some
qualitative checks on the physical reasonableness of the underlying assumptions.

The detailed heat transfer model is shown in figure 1., A comparitively
simple structural model, figure la, is used to follow the movements and growths
of the components through a flight. These are then used to compute the various
secondary air flows which then provide the boundary conditions for the heat
transfer model, figure 1lb. This is an 1100 variable finite difference model that
includes non-linear material properties and automatic time-stepping control.
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4. VERIFICATION (Cont'd)

The detailed structural analysis model is shown in figure 2, This is a 6000
variable finite element model consisting of axisymmetric and plane stress second
order isoparametric elements. The loading consists of rotational forces and the
temperatures interpolated from the results of the heat transfer model. The
temperature dependence of Young!s modulus has a significant effect on the stress
response and hence it is necessary to reform and solve the stiffness matrix for
each time point.

;'Qi'.‘! -

A KR
M e d

Following step 1 of the verification procedure, these models are subjected
to the transients shown in figure 3. 7The temporal variation of the results is
discussed later and the spatial variation is illustrated in figure 4. This shows
the hoop stresses and metal temperatures 30 seconds aftex the start of the
acceleration to combat rating. Thexe are internal cold areas in the central bulk
of the disc and coverplate giving rise to tensile stresses in these areas,
Additionally, the front arm has heated more than the disc and there is a
significant radial £ight between them giving rise to bending stresses in the
front arm which, through a Poisson's ratio effect, give rise to the hoop bending
stresses shown.

«
v

’.

In order to condense the vast amount of data, four critical stresses are
selected to bracket the various response types seen. These are:

M N

>

[IRIFN -
o ;

o X

R’ i) Hoop stress at the cob centrxe v

- ii) Nominal hoop stress at the disc rim . )
. iii) Concentrated in-plane stress at front amm disc fillet - vt
< iv) Nominal hoop stress in the coverplate attachment flange ?' RSN

and their locations are shown in figure 2,

Step 2 of the verification procedure is followed for these four areas using
an arbitrary but reasonable initial guess for the parameters, The ability to
correlate the thermal stresses is shown in figure 5, The response iate of the cob
centre when the engine is idling is the most marked discrepancy.

The thermal stresses in the cob and rim are dominated by the basic radial
temperature distribution of the disc and those in the arm by the radial fight
between the rapidly responsing shaft and the slowly responding disc. The flange
is more complex in that each change of engine condition causes two stress
extremes, Examination of the detailed results in this area shows that earxly in
the transient the dominant temperature difference is between the coverplate shaft
and disc shaft. At later times this reduces and the difference between the disc
shaft and its attachment flange becomes dominant.,

et

'l-.;.’o‘;i‘

Similarily, the ability of the simplified model to correlate metal
temperatures is shown in figure 6, The most marked discrepancy here is for the
front amm fillet where the stabilised values are in error by 10°C.

-
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These correlations are satisfactory and the models are then applied to the
moxe representative mission shown in figure 7 (step 3). The resulting thermal
stress and temperature histories are then compared at 80 time points with the
results from the detailed model, figures 8 and 9. The comparison is visually good R
and is quantified by selecting the four major events in the flight that cause
transient stresses., These are marked on figure 7 and can be described as:

Ty YRR LA

T

oa

i) Take off
)
)

ii) In flight acceleration from cruise to maximum unreheated rating.
e e
iii) In flight deceleration from Mach.9 cruise to Mach.5 cruise, via Praleadny o
flight idle.

t ‘: ) ‘\\ [T
iv) Thrust reverse, NS

ala vy,
AANASAN

The actual times at which the comparisons are made vary from location to ARATREN

. 03 - - . L o
location due to the different response xates involved. The differences in thermal ,\“..\z:“
stress between the simple model and the detailed model are shown in table 1. R
These have been expressed as a pexcentage of the stress range experienced at each G .
location. G e
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VERIFICATION (Cont'd)

2-5
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Take-Off Cruise Max .9 5 Thrust Reverse

Cob Centre -1.5 #1,1 +2.5 43,3 e
o
Disc Rim +5,3 +2.6 +2,0 +3.9
Front Arm +5,6 +1,6 +1.8 +4,1
Flange 0.0 -0.6 0.0 0.0
TABLE 1 -~ Stress Errors, % of range

Similarly, the differences in metal temperatures are shown in table 2 for
the three events that cause distinct temperature extremes.

Take-Off 9 ) Thrust Reverse
Cob Centre -4 18 -31
Disc Rim -4 4 ~11
Front Arm 2 -6 15
Flange -2 -1 3
TABLE 2 -~ Temperature Exrors, °c.

The root mean square errors are 2,8% and 12°¢ respectively. Although no
conservatism has been delibrately built in, the simple model tends to over-
prxedict stress.,

As an illustration, the four critical locations characterised in the previous
section have been stressed using flight recorxded data. The 90 minute flight

included manoeuvring at altitude and is an extreme example of the complexity of

actual usage.

An on-boarxd digital system records the air temperature, altitude and airx
speed for the aircraft and two spool speeds and compressor delivery pressure for
each engine. The recording rate for the various parameters varies up to 16 per
second but the post flight analysis locally smooths the data and converts it all
to half second intervals. Furthexr processing then detects and removes electronic
tspikest! from the data. Standard performance calibrations are then used to
calculate the gas stream temperatures and pressures needed by the stress prediction
algoxithm,

Figure 10 shows the variation of the square of the high pressure spool speed
foxr one of the engines during this 90 minute flight. 7This gives the time
variation of the centrifugal component of stress and in the absence of other
mechanisms, such as thermal stress, would give the stress histoxry foxr all critical
locations on the high pressure spool. The pattern is typical of military flights
in that it has a major, zero-maximum-zero, envelope with a large number of
complex sub-cycles that essentially achieve the same maximum,

The predicted total stresses at each of the crxitical locations is shown in
figure 1ll. This emphasises the different stress histories that can be seen on a
single component. In particular, the front arm fillet experiences a stress reversal
when the engine speed falls,

The temperatures at each critical location are shown in figure 12. The
responses range from the cob centre where short time excursions in engine
conditions are barely felt to the coverplate attachment flange where nearly all
the detail of figure 10 is apparent.
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5. CONCLUSIONS

1. Using the results from earlier, detailed analyses ensures that the exchange
rate monitoring exercise is compatible with the overall l1lifing procedure.
Attention is particularly focussed on the transient event causing the once
per flight maximum stress.

2., Over a representative range of critical locations and transignt events the
approximations introduce RMS errorsof 2.8% for stxess and 12°C for temperature.

3. Section 4 only demonstrates the ability to efficiently xreproduce the
behaviour of detailed models. The absolute accuracy of the results is a
separate issue that could only be finally resolved by in flight stress and
temperature monitoxing.

4., The computational requirements of the method are reasonable., Each critical
location requires ~30 storage locations and ~100 floating point operations
for each time frame.

5. In addition to the computation of exchange rates from flight recorded data,
the models allow a rapid assessment of the damage done by proposed
alternative sorties provided that the actual engine handling can be
anticipated.

6. The major unsolved problem is ilLc Ircorporation of fatigue models that
adequately handle sequencing effects for the cxtremely ccmplne <tvnge ord
temperature histories experienced in service.
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DISCUSSION
T.E.Farmer, US
What is your recommendation for the number of critical locations to be tracked?
Author’s Reply
The use of four critical locations (as per this example) on a single component is typical. Each case has to be considered on
its merits.
D.W.Hoeppner, Ca

At the conclusion of your talk you made the point that the development of realistic fatigue models and the evaluation of
your calculations is necessary. With respect to this, how do we know the analysis/calculation/measurements of
temperatures and stresses is necessary, or indeed practical, without more information on the fatigue models. Could you
cominent on this point?

Author’s Reply
Currently available fatigue mouels are known to be inadequate for handling histories, as shown in figures 11 and 12.
Howeves, the analysis is still worthwhile even in the absence of absolute fatigue predictions. For example, the results can be
used with some confidence for quantifying the relative damages of different usage (e.g. AMET and services) and for

assessing the variability of these peak mission stresses. .
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ACCELERATED MISSION ENDURANCE TESTING (AMET)

Wilson R. Taylor -~ Aerospace Engineer
United States Air Force
Aeronautical Systems Division (ASD/YZEE)
Wright—-Patterson Air Force Base, OHIO 45433

ABSTRACT

The cost of ownership of gas turbine za2ircraft engines today makes it imperative that
the development process produce a production engine that will minimize life cycle cost,
We have recognized this problem and one of the most significant changes that has
been made in the last 10 years is the incorporation of AMET into our development programs.
In the past, engine designs were qualified for production release when it successfully
completed a 150 hour "model" test., However, as these engines accumulated service time,
problems arose that were not discovered in factory test. It was apparent that the dura-
bility of these engines were not well understood, In 1973, the US Air Force, Navy, .and
Detroit Diesel Allison incorporated a new test cycle in their TF4] engine development
program that was representative of the aircraft usage. The success of this effort
encouraged us to incorporate this test method into other engine development programs.
Today, the US Air Force uses factory test cycles for design verification and qualifica-
tion that have been derived from kmown or projected aircraft usages. The background of
mission related testing, test cycle derivation, data sources, key parameters, limitations
and benefits will be discussed in this paper,

BACKGROUND

The concept of engine endurance testing has been with us for a long time, as evidenced
by the Army-Navy turbo jet engine specification AN-E-32 dated 14 June 1946 (figure 1).
This specification was superceded by MIL-E-5009 and subsequently replaced by our most
recent specification MIL-E~-5007D, The engine development requirements tdday are generally
based on the requirements of MIL-E-5007D, but have been augmented by the AMET concept and
the soon to be released Engine Structural Integrity Program (ENSIP). These requirements
will be incorporated into one new Mil-Prime Engine Specification,

The AN-E-32 specification test cycle contained 60 engine transients from idle power
to maximum power and back to idle power and 15 transients from cruise power to maximum
power and back to cruise and 20 somewhat small transients (figure 2). As will be shown
later, by todays standards not a very demanding test. But when you consider that the
engines of this mid-1940's vintage were 25-50 hours of life, this test was likely a
very stringent test.

EVOLUTION OF ENGINE DEVELOPMENT N ARNY-NAVY AERONAUTICALSPECIHEATION
3 TEST REQUIREMENTS Rbouay e ENGINES; GUALIFICATION TESTS
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The test cycle shown in figure 3 is from the MIL-E-5007 engine specification. This
cycle was designed to cover all engine applications. This generalized "model" test was
used as a qualification requirement for zll military engines. The problem being that a
large diversity of engine usage exist in fighter, bomber, transport and trainer aircraft
missions. This 6 hour test was run 25 times for a total of 150 hours during which 300
idle-max-idle and 25 zero-max-zero engine transients. The test is much more severe than
that of the earlier AN-E-32 test profile.

In the early 1970's the TF41 engine was experiencing field problems resulting in
the loss of aircraft. It became apparent from these failures that there was a strong
need to devise an endurance test program that would provide good correlation between
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factory engine test and field engine experience and reliably uncover engine problems

on the test stand before they become serious field problems. So the engine manufacturer
jointly with the US Air Force and Navy conducted a fleet wide usage survey. From these
data, a typical flight of mission profile was derived. The complexity of the control
system adjustments required to trim the engine provide a very severe ground test cycle
(figure 4). The engine test cycle was then determined (figure 5) and incorporated in
all subsequent testing., This was the first program of many to adopt this philosophy.
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figure 3 figure 4

PHILOSOPHY

As other engine development programs began to incorporate this method of test into
their programs, each one had its own acronym and definition of what mission related
testing was to be defined as and called. To prevent confusion within the Air Force and
standard acronym and definition was adopted. Accelerated Mission Testing (AMT) is
defined as:

"4n engine test conducted in a ground test facility in which the test profile bears
a direct relationship to mission usage. The profile accounts for all significant
throttle excursions and time at high power that would typically be seen in a
composite operational mission."

The key points to be emphasized are 1) That AMT directly relates to field usage
and 2) That AMT accounts for major throttle excursions and time at high engine power
settings. AMT is primarily a structural durability test and it is important that the
detrimental portions of. the mission be included in the test. The major throttle excursions
drive low cycle fatigue and thermal fatigue failure modes. The dwell time at high power
conditions contributes to creep, stress rupture and erosion failure phenomenon.

APPROACH

Since the major intent of AMT is to reveal field related problems and distress in
the factory test engines, it is imperative that an understanding of the aircraf: usage be
obtained. For new aircraft/engine systems the main source of usage information comes
from user projections and review of mission data from aircraft flying similar missions.
For existing systems usage surveys, recorded flight data, flight logs, test cell logs,
pilot and ground crew interviews are used when nothing else is available. A1l aspects
of engine usage must be considered, i.e., flight missions, ground trim runs, and test cell
runs., This data is reviewed to assure that nothing significant is omitted from the AMT
plan. Experience has shown that not only the correct number of cycles and dwell time at
high power is required to derive a good AMT plan, but the following must also be considered.
Some of our engines require periodic adjustment of allowable turbine control temperature in o
order to maintain required thrust, This temperature is set on the fuel control by the s
number of "clicks." A typical example of field experience is shown in figure 6. To assure 1
the AMT is representative of this field exposure this adjustment schedule is carried
throughout the testing of this engine. Since aircraft operate in a variety of climates
and consequently a wide range of ambient temperatures, it has been found necessary to heat
the inlet air of the test engine to assure demonstration of the hot environmental effects
on the engine. Another significant finding is that dwell times at the idle and low power
settings has a large impact on the stress range of some rotating parts and significant
reduction in their part lives. Analysis has shown that horsepower extraction (accessory
loads, aircraft bleed air, etc.) impaats the turbine cooling air flow and must also be

demonstrated during AMT. The influence of high mach number aircraft missions must also

be included in the AMT because of itg life imgact. These special considerations are
he major parameters to be considered when se ting up an AH¥ plan.
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figure 6

Finally, after all available usage data is gathered a series of mission profiles

can be constructed.

or set of missions representing an average aircraft mission usage.

These prqfiles can then be combined into a single composite mission

The composite are then

reduced by the elimination of part power dwell times and minor throttle transients that

do not contribute to the overall life consumption of the engine (figure 7).

The relative

damage of the dwell times and minor cycles that are eliminated is usually determined by

analysis.

This elimination process is the key step in obtaining an optimized AMT cycle

because it reduces expensive and superfluous test cell time,

BENEFITS/LIMITATIONS

Accelerated Mission Testing addresses a large portion of the failure modes as they

relate to engine structural durability (figure 8).

These primary failure modes are stress

rupture, creep, low cycle fatigue, high cycle fatigue and in some cases, erosion and wear

related distress.
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However, all damaging conditions are not fully simulated during this type of testing, K &:\

- - 3 3 3 3 LY
particularly those parts that are gensitive to total engine run time, flight maneuver loads, ;¢;ﬂgf\1\i
and installation effects such as external pressure and vibratory induced loads. For example, .1n2ﬂ\:!;:§

engine bearings are sensitive to total engine operation and flight maneuver loads neither
of which are simulated fully in these static ground tests. Another example is external
nozzle flaps which respond to the aircraft external flow field that imposes pressure and

vibratory loads on the flaps not duplicated in AMT,
control components are generally life limited by total engine run time.

bench tested for design verification.
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/RESULTS

Teday, the F-15 and F-16 aircraft have the usage audited annually in order to assure
that the AMT cycles being used in the factory are representative of the current field
usage. The current F100 (F-15 and F~16 aircraft) AMT test profiles are shown in figure 9.

_.There are five separate profiles: air combat, air to surface, functional check flight,

ground teet, and high cycle fatigue (HCF) profile., Since a large portion of the part
power time has been eliminated for AMT profiles, any engine part that is sensitive to
part power engine frequencies is not fully tested. Therefore, the HCF test has been
added to "run-out" any high cycle fatigue induced responses in the engine parts sensitive
to part power engine frequencies.

The requirements to qualify a typical 4000 flight hour engine is significantly more
severe today compared to the earlier engine specification as shown below:

THROTTLE AN-E-32 MIL-E-5007 AMT
TRANSIENTS (1946) (1970) (Today)
0-Max-0 1 cycles 25 cycles 3,000 cycles
Idle-Max-Idle 60 cycles 300 cycles 20,000 cycles
Cruise-Int~Cruise 15 cycles 0 cycles 24,000 cycles
Time at Intermediate 12 hours 89 hours 680 hours

Power and Above

A complete accounting of AMT revealed problems since its incorporation is beyond
the scope of this paper and is difficult to present equitably. In one program or another
all of the failures mode mentioned previously were identified in an AMT. Suffice it to
say that the concept of AMT is accepted by every major American engine manufacturer for
military development programs as evidence by the list of engines that have ruan or are
currently running AMT's (figure 10).

SUMMARY

The past 10 years of AMT experience has shown that it correlates well with field
usage in life demonstration, It is a useful tool for design substantiation and revealing
problems that require redesign. AMT is also useful for establishing field and overhaul
limits and the verification of rework procedures. There are limitations associated with
this type of testing. AMT cannot completely address performance degradation because of
the flight conditions not simulated in this static test, The total answer to engine
structural durability is not provided due to the stochastic nature of enjine component
life and synergistic effects between the simulated and nonsimulated failure mechanisms.

It is important to realize that AMT does not provide the total answer to engine
structural durability and there is a definite need for good design criteria, bench and
component test, continued update of mission usage, and "lead the fleet programs." AMT
is a major life management tool that is a useful tool in promoting safety, reducing cost
and system readiness,
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DISCUSSION

W.J.Evans, UK
What failures do you produce with accelerated mission testing that do not appear in actual service and-therefore cause
unnecessary modifications?

Author’s Reply
I do not know that we have done this to date. AMT does lead the flect by substantial times to permit significant analysis.

A.J.A.Mom, Ne
You inentioned that you leave out small “non-damaging” cycles — how do you determine which ones qualify?

Author’s Reply
Transients are left out only after analysis shows no significant portion of damage is attributed to them. We do recognize
that we do miss such things as wear, but the gains associated with compressing the test time outweigh the disadvantages.

AJ.AMom, Ne
How many dwell times (length, temperature) do you incorporate into an AMT?

Author’s Reply
All cycles included are what the engine will actually feel. We don’t intentionally lengthen or shorten any dwell times unless
an extensive analysis regarding the stress range on the particular component has been conducted.

P.Ramette, Fr
With AMT, could clearance variations cause unrealistic rubbing (interferences)?

Author’s Reply
To avoid these undesirable situations one must be vet y careful in the design of the AMT cycle. Our current testing has not
experienced this problem.

G.Breitkopf, Ge
When designing AMT cycles one has to reduce the representative real time operating sequence with respect to the time
scaie. This must be done on different rules according to the critical areas or features one is addressing to. So, do you use
different AMT’s, for example, for cold section parts and hot section parts testing?

Author’s Reply
Yes. Currently AMT’s are basically developed to investigate hot section durability.
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EXIGENCES DE CONCEPTION ET D'ESSAI

POUR DEVELOPPER LES MOTEURS D'AUJOURD'HUI

Jacques FRESCO
Sté TURBOMECA - Bordes
64320 Bizanos -~ FRANCE

1~ PREAMBULE

Pour s'adapter aux exigences toujours plus grandes de sécurité et de rentabilité
du transport aérien, le moteur doit remplir deux fonctions de nature souvent opposées :
performances et durabilité.

Si la compétition pour les performances constitue un aiguillon constant pour les
constructeurs, jamais autant que maintenant la recherche d'une durabilité élevée n'a
parue aussi impérieuse dés la mise en service,

La combinaison de ces deux lignes de force : performances traduites en termes de
consommation de carburant ou de puissance et de durabilité conduisent & l'objectif final
de réduction générale des cofits, pris au sens large. Aujourd'hui, des la mise en service
d'un nouveau moteur, il est nécessaire de garantir des potentiels élevés, du méme ordre,
sinon supérieurs, a ceux de moteurs en exploitation ayant déja accumulé plusieurs mil-
lions d'heures de vol.

Dans cet exposé, nous analyserons les différents moyens permettant d'atteindre
l'objectif de durabilité, comment ils interviennent dans la conception, quels sont les
essais qui permettent de reproduire au mieux les phénoménes d'endommagement et nous
donnerons quelques exemples qui se rapportent plus particulidrement aux moteurs de
petite taille.

2~ DEFINITION DE LA DURABILITE

Le terme de la durabilité se définit de lui-méme, c'est "l'aptitude 2 durer" (en
anglais : ability).

Nous pouvons relier deux fonctions chiffrables a cette notion, lesquelles, com-
binées, représentent la durabilité, soit : la fiabilité et la durée d'utilisation.

Selon les cas, la fiabilité et la durée d'utilisation sont rapportées au moteur,
au module ou au composant. ’

La_fiabilité s'exprime en valeurs de probabilité issues de l'analyse statistique
des résultats en service d'une flotte existante, en termes de :
- probabilité d'arrét en vol ;

- probabilité de dépose non programmée.

La_durée_d'utilisation s'exprime :

- soit en durée entre révisions : retour en atelier,

- soit en durée entre visites : dépose sur terrain par action de maintenance,
- soit encore en durée de vie : dépose obligatoire d'une pidce critique.

Les outils disponibles permettant de prédire des valeurs réalistes pour chacun
de ces postes sont de plus en plus performants, qu'il s'agisse de calcul, d'analyse ou
d'essai.

Nous exposerons plus loin comment ces différents domaines interviennent dans la
conception et les méthodes d'essai, ainsi que pour quantifier la probabilité des parame-
tres de durabilité dds la phase de développement.

3 — CARACTERISTIQUES D'UTILISATION

La base de départ pour toutes les études relatives 3 la durabilité est constituée
par la définition des caractéristiques d'utilisation, c'est-a-dire :

- le cycle de référence

- le ou les profils de mission.

Cycle de référence (Figure 1)

Le cycle de référence sert de base aux différentes phases de la vie du moteur :

- lors de la conception, pour le calcul des contraintes et durées de vie,
principalement des pitces tournantes critiques, pour 1l'évaluation des
jeux en fonctionnement, etc... ;
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- lors des essais pour déterminer le ou les cycles types d'essai de fati-
gue au banc des composants et du moteur ;

- en service, pour la comptabilisation des cycles réels effectués.

La détermination du profil du cycle de référence est particuldrement importante
pour la distribution des contraintes dans les piéces tournantes fortement char-
gées. La partie initiale du cycle constituée par le démarrage est primordiale
car elle impose les transitoires mécaniques et thermiques et selon que le démar-
rage est lent (environ 1 minute), ou rapide (inférieur a 40 secondes), la durée
de vie du disque de turbine HP par exemple peut étre divisée par un facteur 2.

s g7 e
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Sur un hélicoptére bimotenr, les profils de démarrage du moteur gauche et du
moteur droit sont différents, il faut donc en tenir compte.

N

Le choix de la température d'entrée turbine maximale du cycle est également tres
importante parce qu'elle constitue un étalon d'endommagement, notamment en flua-
ge. On choisit en général le régime de décollage correspondant 3 un fonctionne-
ment & des conditions ambiantes supérieures au Standard.

Profil(s) de mission (Figure 2)

La détermination d'un profil de mission type permet :
- lors de la conception, d'évaluer un potentiel prévisionnel ;
~ lors des essais, de fixer le profil d'essai du moteur au banc pour
vérifier les hypothéses d'endommagement, faire la déwmonstration du

potentiel revendiqué et mettre au point les opératicns de maintenance.

La détermination de ce profil n'est pas une tdche aisée surtout lorsqu'il s'agit
de turbomoteurs d'hélicopteres. Les différents types d'utilisation de l'hélicop-
tére : transport, liaison plateformes de forage pétrolier, travail & 1'élingue,
"saut dz2 puce", recherche et sauvetage... représentent chacun un profil d'utili-
sation des moteurs différents.

I1 faut en plus intégrer les conditions ambiantes d'altitude et température pour
finalement obtenir un profil d'essai sous la forme d'une combinaison des diffé-
rentes nmissions que l'on pourra ensuite rapporter au profil moyen ou a chacun
des profils d'utilisation possibles par un coefficient de corréiation.

Il est possible également d'évaluer la relation entre le cycle de référence et
le profil de mission type.

4 — EXIGENCES DE DURABILITE LORS DE LA CONCEPTION

Les choix techniques lors de la conception sont déterminants pour la durabilité.
Ces choix correspondent toujours & des compromis entre plusieurs solutions qui prennent
en compte les différents aspects : performance, résistance, poids et coft.

C'est donc 1la qu'il faut veiller 2 intégrer la fonction durabilité qui pourrait
se trouver négligée pour satisfaire les objectifs A court terme.

C'est d'abord au plan des principes de construction que s'établit cette fonction
et nous examinerons successivement les différentes parties du moteur a cet égard.

e

Entrée d'air : 1l'influence de la conception de l'entrée sur la durabilité se
traduit par 1'homogénéité ou 1'hétérogénéité de l'écoulement, c'est-a-dire par une dis-
torsion de pression au plan d'entrée compresseur. Cette distorsion est fonction des
obstacles et de la géométrie, elle peut engendrer une alimentation discontinue du com-

presseur et entrainer des vibrations de pale et méme du pompage.
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Pour un moteur d'hélicoptére avec réducteur placé a l'avant, une entrée
d'air radiale est une solution acceptable pour remplir les objectifs énoncés ci-desus.
L'alimentation d'une telle entrée a été réalisée sur le turbomoteur TM 333 par une volu-
te rapportée, comme indiqué sur la Figure 3.

La géométrie a fait l'objet d'études et d'essais en soufflerie et une
optimisation de la forme de la volute permet d'alimenter l'entrée d'air radiale du
moteur avec le minimum de perte de charge. Elle permet également d'installer sur la
volute tout dispositif de protection icl que séparateur de particules si nécessaire.

Compresseur axial : L'architecture de la plupart des moteurs TURBOMECA est cons-
tituée par une association axial + centrifuge (Figure 4).

Une des caractéristiques principales est une corde de profil longue, ce
qui entraine un nombre réduit de pales c'est-a-dire des épaisseurs importantes. Mis a
part les avantages vis a vis de la marge au pompage, la durée de vie des pales est aug-
mentée par rapport a3 des profils minces. En effet, pour des tolérances de fabrication
données identiques de, la variation d'épaisseur relative Ae/e est plus faible et la
dispersion en fréquence également.
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Autres avantages des profils épais, une meilleure résistance a l'érosion,
a J'abrasion et aux impacts, ce qui est important pour les compresseurs axiaux.

3LET e

Une autre caractéristique des compresseurs qui constitue un élément fon-
damental pour la durabilité est la construction pales/disque intégrale (blisk = blade
and disk). Ce choix qui n'a pas que des objectifs de durabilité mais aussi de cofit per-
met de supprimer tout systéme d'attache des pales : brochage, trou, queue d'aronde, c'est-
a-dire d'éviter tout coefficient de concentration de contraintes donc d'avoir des roues
peu chargées et par conséquent des durées de vie importantes : des vies limites supérieu-
res & 10 000 cycles sont usuelles sur ce type de pikce.

En plus de la durée de vie potentiellement plus élevée de ce type de
roue, l'absence de systeme d'attache élimine tout probléme d'usure, de tolérances de
fabrication et. les risques de panne inhérents au systéme.

Ce type de construction n'est pas exempt d'inconvénients (manque d'amor-
tissement) et, & cet égard le choix du matériau est important afin d'éviter une sensibi-
1ité A l'érosion qui conduirait a déposer les roues pour cette raison avant d'avoir
atteint la vie limite.

Compresseur centrifuge (Figure 4) : les compresseurs étant de plus en plus
chargés et l'effet de la température n'étant plus négligeable comme pour les axiaux, le
dessin des centrifuges doit faire appel 2 des méthodes de calcul tres élaborées, minu-
tieuses, qui requidrent une optimisation par un grand nombre d'itérations.

Le sens de circulation de l'air derriére le rotor est a considérer avec
attention pour son effet sur la température au moyeu, ce qui a une conséquence directe
sur la durée de vie.

L'augmentation des vitesses périphériques et par conséquence des charges
aérodynamiques et mécaniques et l'accroissement des taux de pression sont les caractéris-
tiques de 1'évolution récente des compresseurs centrifuges. Parallélement, une améliora-
tion significative des rendements et une maitrise des circulations secondaires ont permis
de compenser en partie 1'élévation de température consécutive a ltaugmentation du taux de
pression permettant ainsi d'utiliser des alliages classiques de titane.

L'optimisation de ces différentes caractéristiques a, de cette fagon, un
impact direct sur la durée de vie du rotor de compresseur centrifuge.

Chambre de combustion (Figure 5): les éléments majeurs & considérer sont 1le
matériau et le type de refroidissement de paroi.

Cet ensemble nécessite une étude mais surtout une mise au point par des
essais de composants.

La technique classique de refroidissement par film est réalisée sur les
chambres TURBOMECA soit par pergage incliné dans 1l'épaisseur des t6les par bombardement
électronique, soit par f£ilm rapporté, soit par une combinaison des deux.

Les peintures "thermocolors" constituent maintenant un des outils précis
et fiable qui permettent par une visualisation des températures de paroi d'optimiser
rapidement le refroidissement et le profil de sortie d'une chambre.

Turbines (Figure 6) : ce qui a été exposé ci-avant pour le calcul des rotors de
compresseur centrifuge est encore plus aigu pour les turbines. Mais les méthodes de cal-
cul de durée de vie en fatigue oligocyclique, en fatigue a haute fréquence, en fatigue
vibratoire, en fluage, le calcul des transferts de chaleur, la mécanique de la rupture
permettent une approche de plus en plus précise des phénomenes d'endommagement. Chacun

d'eux constitue un vaste domaine d'investigation et de recherche continues.

Un point mérite d'@tre souligné, il s'agit de la ventilation interne.
Cet aspect est d'autant plus important que pour les moteurs de petite taille les disques
sont courts et trappus et sont soumis a de forts gradients thermiques. Une optimisation
de la ventilation interne entre compresseurs et turbines permet un gain significatif en
température et en gradient de température dans les disques et par conséquent en durée de
vie des turbines.
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L'augmentation de la charge des turbines a un effet indirect sur la durée
de vie. Il est possible en réduisant le nombre d'étages d'obtenir un gain important en
température moyennant un compromis acceptable sur les contraintes et ainsi d'éviter le
refroidissement des pales de turbine. Le résultat se ‘raduit immédiatement 3 température
et performances égales en matidre de simplicité, compacité et coft, la simplicité étant
un des élément clé de la durabilité.

Le nombre de pales étant faible et les cordes axiales relativement gran-
des, les disques sont massifs au moyeu, ce qui entraine une biaxialité des contraintes
importante dans les phases transitoires et c'est pourquoi une définiticn précise du cycle
de référence doit &tre effectuée tandis qu'une corrélation avec les essais est indispen-
sable,

On peut ainsi obtenir avec des turbines fortement chargées assurant des
performances élevées, une durabilité compatible avec les exigences actuelles.
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organe particulidrement important et son intégration avec le générateur de gaz doit étre
préparée par une étude mécanique approfondie.

Réducteur : pour les turbomoteurs et turbopropulseurs le réducteur constitue un IR

—
)

En particulier pour les moteurs de petite taille, la vitesse d'entrée
dans le réducteur étant élevée, et compte tenu des dimensions disponibles, les charges
radiales sur les roulements sont importantes. Il faut donc une architecture et des rou-
lements capables de supporter ces efforts.

Le calcul des dentures doit étre optimisé afin d'augmenter le rendement
de la pignonnerie, ce qui a pour effet de diminuer la dissipation d'énergie en chaleur.
Cette optimisation s'effectue en recherchant une combinaison des différents parametres :
pression de Hertz, vitesse de glissement, température éclair pour conserver dans les con-
ditions extrémes 1l'intégrité du £film d'huile.-

Toutes choses égales par ailleurs, on obtient un abaissement de la tempé-
rature d'huile qui permet de garantir des durées de vie de plusieurs milliers d'heures
pour les pignons et roulements,

Réqulation (Systéme_de contrdle du_débit _de carburant) (Figure 7) : le choix du
principe de régulation du moteur est également important pour la durabilité. Sur les
moteurs TURBOMECA, ce choix est basé sur la régulation tachymétrique.

Ceci signifie que pour un régime donné : maxi d'urgence, décollage ou
maxi continu, pour une valeur de vitesse Ng du générateur de gaz de consigne, la puissan-
ce minimale nécessaire a ce régime est disponible dans tout le domaine de vol (températu-
re, altitude-pression). La température d'entrée turbine varie dans ce domaine jusqu'a la
valeur maximale qui correspond en principe au niveau de la mer a la température ambiante
maximale,

Par rapport & un moteur régulé en température et pour lequel la valeur de
consigne (valeur maximale) pour le décollage par exemple est affichée & chaque vol, un
moteur régulé en vitesse Ng ne fonctionnera a la valeur maximale de température qu'en
limite du domaine d'utilisation. Les marges sont donc plus importantes sur un moteur
piloté en Ng et permettent d'obtenir par le principe méme une durabilité potentielle plus
élevée que pour un moteur piloté en température.
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L'apparition de l'électronique et des microprocesseurs pour la régulation

des moteurs modernes ouvre des perspectives intéressantes pour enregistrer le fonctionne- @

ment du moteur et en gquantifier 1'endommagement. Toutefois, il reste du travail a faire RN

avant de pouvoir transposer ces résultats en “iagnostic sur l'état de tel ou tel élément. ;g;gnefe;.
- -R’ 5 \

5 — EXIGENCES DE DURABILITE POUR LES ESSAIS

Les choix sur la conception étant effectués, les bases pour la durabilité du
moteur et de ses éléments sont alors fixés. Il reste & les vérifier par les essais et
apporter des améliorations ou modifier certains choix si c'est possible.

Nous distinguerons les essais de composants et les essais sur moteur.

5.1. Essais de composants

Une planification rigoureuse des essais de composants permet en méme temps de
vérifier les hypothéses de conception et de limiter au strict nécessaire les essais sur
moteur qui sont plus longs & mettre en oeuvre, coGteux et qui nécessitent d'avoir le bon
standard au bon moment.

Hormis les essais de composants spécifiques aux performances, ceux plus spécia-
lement axés sur la durabilité sont essentiellement les essais d'endurance sur bancs
spéciaux (Figure 8).

Des essais partiels bien concus permettent de figer rapidement la configuration
des moteurs prototypes et donc de commencer trés tit dans le programme de développement,
les essais de durabilité.

&
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Essais_en_cycles de_fatique :

..
r s

Les rotors de compresseurs, axiaux et centrifuge, les turbines sont sou-
nmis a des essais d'endurance en fatigue oligocyclique basés sur le cycle de référence.

s - -

.
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Le cycle d'essai est déterminé pour chaque piéce afin de reproduire un
état de sur-contraintes mécaniques et thermiques par rapport au cycle type de référence
défini précédemment.

. -
M 4
P 4

Cette simulation impligue de réaliser des moyens de chauffage des pidces
en essai qui reproduise d'une fagon aussi proche que possible la distribution des tempé-

g

ratures en transitoire et en valeurs stabilisées mini et maxi. Il importe a cet effet de ®
faire des mesure de température sur moteuxr par thermocouples et peinture thermosensible PRI,
ou par tout autre moyen plus sophistiqué. La Figure 9 montre une coloration cobtenue sux }«}3}1;\;
une chambre de combustion, sur les turbines on utilise 3 la fois des mesures par sondes p_$}¢f;‘¢
K “-\.‘_\ ™
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thermosensibles et peinture "thermocolore".

X1 est possible aussi lorsque 1l'on ne dispose pas du champ de température
d'ajuster les vitesses de rotation mini et maxi d'essai pour obtenir 1l'équivalent & froid
des contraintes a chaud.

La détermination des paramétres d'essai est faite par calcul sur la zone
la plus chargée.

Des essais en fatigue vibratoire sont mis en oeuvre en tenapt compte des
diagrammes d'excitation vibratoire des pales. Le banc doit alors étre équipé des obsta-
cles tels que redresseur, bras de carter, etc... qui sont les sources possibles d'excita-
tion et tourner en stabilisant la vitesse sur la fréquence correspondant & la résonance
tout en mesurant l'amplitude par jauge extensométrique.

Essais_de_survitesse : o

Toujours pour les rotors, des essais de survitesse sont effectués au
puits sous vide, afin de vérifier les marges de calcul jusqu'ad rupture.

Ces essais sont particuliérement importants pour les éléments de turbine
libre surtout si l'on a choisi de justifier en certification que le risque en cas de sur-
vitesse est couvert par la rupture des pales et la rétention des débris en cas de
survitesse.

. Ce choix conduit & mesurer avec exactitude la vitesse de rupture au banc,
corrigée éventuellement par les effets de la température et de démontrer que le blindage
contient les débris éjectés.

Bien que n'étant pas des essais directement applicables & la durabilité,
ils constituent le complément nécessaire aux essais d'endurance en évaluant les marges
permettant de garantir qu'ad 1l'intérieur des durées de vie en fatigue, le risque de ruptu-
re présente une probabilité suffisamment faible et d'autre part, que s'il y a rupture,

il n'y a pas de dangexr pour l'aéxonef.

Essais_des_arbres de_transmission, paliers, roulements :

Les phénoménes de fatigue en flexion, torsion et flexion/torsion combi-
nées sont reproduits sur des bancs G'arbres de transmission. Des essais d'endurance
peuvent donc étre mis en oeuvre jusqu'd la rupture pour vérifier les durées de vie ~
calculées.

Des bancs spéciaux d'arbres munis de leurs paliers et roulements sont
destinés aux essais de vitesse critique et de susceptibilité au balourd. Ces essais per-
mettent de mettre au point les jeux de paliexr, de mesurer les amplitudes de réponse du
systeéme dynamique en cas d'usure de roulement, d'impact sur une pale pouvant engendrer
un balourd et méme de simuler la rupture d'une pale entidre : profil et plateforme. La
Figure 10 montre l'amortissement d'un systeéme arbre/paliers avec un balouxrd de 50 cm/g.
L'instrumentation du systéme permet de mesurer la déformation et le déphasage en diffé-
rents points de l'arbre, la contrainte dans la cage du palier et les caractéristiques
d'amortissement.

Essais d'endurance des réducteurs :

Les bancs "dos & dos" (back to back) permettent de charger les réducteurs
selon un programme déterminé, ils permettent G'étudier le comportement des pignons et des
roulements en faisant varier les différents paramédtres de fonctionnement : température,
pression et débit d‘'huile ainsi que les différentes spécifications d'huile : 3 cSt,

5 cSt et 7,5 cSt.

Ces essais sont surveillés par analyse spectrographique de l'huile et si
nécessaire, par des moyens plus sophistiqués,

Essais_des systémes :

Sans entrer dans le détail des essais innombrables qui sont effectués
sur les systémes et leurs accessoires a la fols pour l'endurance et l'influence de l'en-
vaironnement, nous citerons seulement pour mémoire, ceux qui se rapportent au systeme de
carburant. TURBOMECA congoit et développe ses propres systémes : pompe, filtre, régula-
tion et est donc équipé de banc d'essais spécilaux. :

Les essais de simulation a partir de modeles mathématiques représentant
l'ensemble : moteur-transmission mécanique au rotor d'hélicoptére (ou a 1l'hélice, ou a
l'alternateur pour les G.A.P.) permettent la mise au point des boucles de régulation,
1'étude des transitoires et le comportement en modes de panne.

Les essals d'endurance sous des conditions variées d‘environnement permet-
tent de vérifier les choix de construction.

L'avenenent des régulations électroniques digitales 2 autorité totale rend
ces différents essais encore plus importants avant méme le montage sur moteur.
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La Figure 11 montre le boitier électronique du turbomoteur TM 333 en
cours de certification.

5.2. Essais sur moteur

Les essais de composants s'imbriquent dans le programme des essais de développe-
ment au banc sur moteur qui de toutes facons permettent de faire un diagnostic plus pré-
cis sur la validité des choix de conception.

Les essais sur moteur qui ont pour objet la vérification de la durabilité sont
constitués essentiellement par les essais 4'endurance au banc, mais aussi, par certains
essais en vol qui permettent de compléter les résultats des essais de composants et des
essais sur ‘moteur.

»

Essais_en_cycles_de_démarrage - arrét :

Ces essads basés sur le cycle de référence constituent, avec les essais
de composants du méme type (essentiellement les compresseurs), la base pour le calcul
des vies limites initiales de service et éventuellement pour 1l'extension de ces mémes
vies limites.

Essais_en_cycles _de mission_accélérée :

Aprés avoir défini le profil du cycle ainsi qu'il est indiqué au paragra-
phe 3, les essais proprements dits sont effectués au banc sur un moteur se rapprochant le
plus possible du standard série. Ce type d'essais est particulirement important pour la
durabilité parce qu'étant effectué avec un coefficient d‘accélération du temps relative-
ment important, on précipite la formation des défauts, les conditions de pannes poten-
tielles et l'examen attentif des résultats d'essai : usures, criques, déformations, etc.
permet d'apporter & temps les modifications nécessaires.

La Figure 12 donne un exemple de cycle avec la représentation de la
variation de la température et des contraintes en différents points d'un disque de
turbine.

Essais_d'endurance_ & haute_température :

Ces essais d'un caracteére particulier, permettent de vérifier le compor-
tement des parties chaudes, de caractériser le moteur en fluage en vue d'applications
spéciales (régimes d'urgence a durée limitée) et de déceler par anticipation les zones
de défaillance possibles.

Essai_d'endurance de type de 150 heures :

Cet essai consacré par l'usage est le point clé des programmes d'homolo-
gation et de certification. Bien que les enseignements que l'on tire des essais cités
précédemment soient d'une fagon générale plus précieux pour le constructeur, il constitue
néanmoins une référence qui permet de valider les limites de fonctionnement du moteur et
reste de toutes fagons le "juge de paix" du programme.

Essais_d'endurance_spéciaux :

Les moteurs TURBOMECA & turbine liée font l'objet d'essais en cycles ou
en continu accouplés & un alternateur dans une des centrales électriques de nos usines.
A vitesse constante, la charge est produite par la variation de puissance électrique,
elle se traduit par des variations de débit carburant de la régulation, c'est-a-dire,
par une variation de la température d'entrée turbine. L'avantage du systeme est de pou-
voir annuler la puissance fournie par un délestage électrique complet permettant de
simuler par exemple des régimes de descente rapide d'un turbopropulseur.

Certains moteur TURBOMECA tels le TURMO ou 1'ASTAZOU ont des applications
industrielles, notamment ferroviaires dont l'utilisation dépasse couramment 10 000 heures
et qui permettent de mettre 3 jour des types d'endommagement particuliers. L'application
des modifications consécutives sur les moteurs aéronautiques permet d'améliorer la
durabilité.

Essais_en_vol :

La possibilité de confirmer pour des essais en vol des résultats obtenus
au banc, méme par un fonctionnement limité constitue un avantage majeur pour le dévelop-
pement. Les conditions d'environnement réelles en vibrations, température sous capot,
facteurs de charges, etc... sont des éléments essentiels a prendre en compte pour la
durabilité du moteur et des équipements.
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6 — ANALYSE DES RESULTATS D'ESSA!

Les résultats d'essai constituent la sanction des choix de conception, il en est
du reste de la durabilits comme des autres domaines. I1 importe donc d'analyser les
résultats avec une grande finesse, en premier lieu afin d'apporter les correctifs et
améliorations nécesss.ires en temps utile, en second lieu afin d'en tirer des enseigne-
ments sur la durabilité du moteur en service.

L'analyse des événcments et incidents méme mineurs qui arrivent lors des essais
de composant.s et surtout lors des essais du moteur au banc ou-en vol doivent &tre enre-
gistrés pour é&tre ensuite exploités.

Cette exploitation doit 8tre basée sur le principe suivant : l'incident aurait~
il provogué en service :

- une action de maintenance de routine
- une dépose moteur non programmée
- un arrét en vol.

Chacun de ces postes est ensuite traduit en chiffres de fiabilité ou plus préci-
sément en taux par 1 000 heures. Un taux cumulé et un taux périodique (3 mois, 6 mois ou
1 an) sont tracés sur un diagramme qui permet de suivre l'évolution de la fiabilité réel-
le et prévisionnelle pendant le développement.

La Figure 13 montre un exemple de cette évolution. Le diagramme peut &tre établi
pour le moteur dans son ensemble, il peut aussi é&tre éclaté en éléments principaux :
(compresseurs, turbines, réducteur ...) et équipements importants {(régulation, partie
hydro-mécanique, boitier électronique ...).

La comparaison entre les études prévisionnelles de fiabilité, les objectifs et
les résultats méme limités tirés de l'expérience du développement permet de juger 2a
priori de la durabilité du moteur.

7 - CONCLUSION

Le duel constant entre la rechexrche de hautes performances et la durabilité cons-
titue un challenge particuliérement difficile pour les constructeurs.

Les choix & faire lors de la conception engagent 1l'avenir du moteur et il impor-
te de trouver des compromis satisfaisants.

L'effort a fournir pour mener a bien ce double objectif doit étre constant
pendant tout le programme.

Les composantes de la durabilité sont multiples et complexes, or il ne semble pas
qu'a court terme, un saut technologique important soit possible par les matériaux. Il
faut donc s'attacher & améliorer chacune des composantes afin d'assurer une sécurité de
fonctionnement toujours plus grande.

Les méthodes de prévision par calcul et analyse sont de plus en plus précises
et fiables. Assitées par les essais de composants elles permettent d'obtenir plus rapide-
ment les objectifs de performance et de dégager ainsi dans un programme de développement
un temps plus long & consacrer aux démonstrations de durabilité sur moteur.

Dans un avenir proche, l'utilisation des microprocesseurs ouvre des perspectives
intéressantes pour une meilleure connaissance du comportement des moteurs en service,
avec une incidence bénéfique sur la conception et une adéquation des essais de simulation
au banc.
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R.Tadros, Ca
You spoke of titanium material. Exactly what type of material arc you talking about at appruausately 1000°F, and 2000
feet per second centrifugal rotors run speed.
o Author’s Reply
5 Classical types of titamum alloys — processed under vacuum. [ don’t know the US classification. For advanced projects

titanium is not adopted. What I wanted to say was that with an improvement in output of special work oninternal couling,
you can consider titanium alloys.
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OVERVIEW OF THE AGARD SMP ACTIVITIES ON TURBINE ENGINE
MATERIALS TECHNOLOGY IN THE 1972 - 1982 PERIOD

A.J.A. Mom
National Aerospace Laboratory NLR
Anthony Fokkerweg 2, 1059 CM Amsterdam
The Netherlands

SUMMARY

This paper presents an overview of the AGARD Structures and Material Panel activities on turbine
engine technology over the last 10 years. These activities cover most of the material related aspects in
gas turbine technology from the initial design stage up to the final retirement of components. Topics
which have been discussed over the last years can be brought under different headings:

1) the development and application of advanced materials, 2) material properties and behaviour, 3)
material processing and fabrication techniques, 4) maintenance and repair and 5) 1ife prediction methods.
With respect to the advanced materials and fabrication techniques attention will be given in this paper to
the directionally solidified in-situ composites, the ceramic materials and the PM materials, and their
difterent processing aspects. New fabrication techniques like hot isostatic pressing, superplastic forming
and surface treatments are included. Furthermore the corrosion behaviour and low cycle fatigue character-
istics of engine materials, including methods to predict creep and fatigue behaviour, 1ike e.g. the strain
range partitioning method, are discussed.

Finally, attention will be given to maintenance, repair and life prediction of engine components. Emphasis
is directed to the introduction of damage tolerance concepts to make a more economic use of inherently
available component 1ife than is presently done by the safe life philosophy.

1.  GENERAL INTRODUCTION

Figure 1 gives a schematic view of the 1inks between materials technology-relatea tupics such as
materials selection, development, processing, maintenance and repair and the basic steps in gas turbine
engine technology: design, production and operation.

The AGARD Structures and Materials Panel is paying increasing attention to the highly interesting area of
materials for aero gas turbines. In ti.2 last 10 years all subjects indicated on the right hand side of
figure 1 have been addressed:

~ the development and application of advanced materials, in particular directionally solidified eutectics
and ceramics

materials properties and behaviour, e.g. corrosion behaviour
materials processing and fabrication techniques

maintenance and repair and

life assessment and prediction methods.

In this paper reviews wili be presented from the various Specialists Meetings on the above subjects orga-
nised in the 1972-1982 period.

2, HIGH TEMPERATURE CORROSION OF AEROSPACE ALLOYS
2.1 Introduction

When a component is operating at high service temperatures very serious consideration should be given
to its corrosion and oxidation behaviour under the appropriate working conditions. Not only strength and
fatigue properties but often corrosion properties determine the suitability of a particular material for
a specific application. Oxidation for example prevents the application of Ti-alloys above 550 °C; hot
corrosion strongly affects the service 1ife of Ni- and, to a lesser extent, Co-alloys in the 700-1000 °C
temp$;ature range; and at temperatures above 900 °C oxidation becomes a life limiting factor for Ni- and
Co-alloys.

A number of questions arise when dealing with the problem of high temperature corrosion:

what are the different types of high temperature corrosion and under what conditions do they occur?
what is the relative corrosion resistance ranking of present and future alloys?

which factors determine the resistance of alloys against corrosive attack and would it be possible to
modify alloys to improve their corrosion resi. :nce?

- wouég it bg possible to modify the environment to prevent the occurrence of corrosion promoting
conditions

The above questions, addressed during the 1972 AGARD Specialists Meeting [1], will be discussed in more
detail below.

2.2 High temperature corrosion processes in gas turbine engines

Two different corrosion processes can be distinguished:
1) oxidation; this process of converting metal into metal oxides is characterised by an increasing oxi-

dation rate with increasing temperature. Oxidation becomes important at temperatures above 900 °C.
2) hot corrosion; an accelerated form of oxidation due to the presence of molten alkali-metal sulphates on

" RTINS N - Y S P S P T LY vt e e

the surface of the component. This type of corrosion usually occurs in the 700-1000 °C temperature range.
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Because the air/fuel ratio in gas turbines is about 50:1 by weight [2] strong oxidising conditions
generally exist. The rate of oxidation can be controlled (often very satisfactorily) by material alloying
or the use of coatings. This will be discussed in a Tater section.
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A more serious problem, especially at intermediate temperatures, is encountered by the occurrence of

iji hot corrosion. This type of attack manifests 1tself by a very rapid, and sometimes even catastrophic H
attack of the component. Uncorroded parent metal is often left behind the rapidly advancing corrosion i K )

0w front (figure 2), R
,{t A necessary condition for the occurrence of hot corrosion is the presence of molten sulphate, generally {;{.ﬁ;ﬁ:
o0 Na2504, on the surtace. The salt may come from: }f?<i15?i
a) the intake air; Na2504 is present in seawater and hence in coastal areas is also present in the air gﬁ}:uﬂ:.

L et

b) a reaction between Na- and S-compounds. Sulphur may be present in the fuel or in the intake air as S0, IS

or 303. Na is sometimes present in the fuel but can also be ingested via the intake air (NaCl). Py

The formation of Na2§04 is possible by e.g. the following reaction: T

2NaCl + S0, + 4 0, + H,0 > Na,S0, + 2HCI o
For normal gas turbine operating conditions the thermodynamic equilibrium of the reaction 1ies on the far tﬁT
right hand side. Therefore a nearly complete NaCl conversion may be expected if residence time is long o~
enough. However, residence times are often very short (only milliseconds) and this may imply that this "
process of gas phase sulphation occurs only on a limited scale. Nevertheless, Nazso4 deposits (whatever b;_n.n;a
their origin) are often found on turbine blades. i
Because molten sulphates are a prerequisite for hot corrosion the temperature region in which it i;_:::. ;
occurs might be thought to be bordered on the lower side by the melting point of Na2504 (884 °C) and on the k?f?ffé
Yuot n ™ o™
upper side by its dewpoint, which depends on the Na2504 partial pressure. Figure 3 [3] shows the relation LT
between dewpoint, pressure and concentration of salt in the intake air. Note that seasalt concentration C:{f;?:}
rather than the Nazso4 partial pressure has been plotted along the horizontal scale. Seasalt contains LA
& about 12 % Na2504. The dark upper bands in the figure indicate (for both pressure conditions) the dewpoint b ..;!?_
- when all NaCl has been converted to Na,SO,. s
0 From the above considerations it could“be concluded that hot corrosion will not occur below 884 °C, the LA .
E,.- meiting point of Na2504. However, this melting point shifts downwards when other compounds dissolve into ;.f .
i the melt: the eutectic melting point of a Na,S0,/NaCl mixture is 630 °C [4]. In presence of V,0g this point A
A shifts to even lower values: the Na2504/V205 eutectic point is at about 525 °C [5). Seasalt itself has a 2
F melting point of 757 °C [2]. rY
. 2.3 The effect of contaminants and use of thermodynamics £§}721}}§

l‘- 1Y

Several authors [2,6,7] at the meeting directed attention to the aspects of fuel and intake air con-
taminants. Restalt [6] mentions that the Fermitted sulphur level in aero engine fuels is about 0.2 % (in
general the mean S-level is about 0.05 % [81); Vanadium content is probably less than 2 ppm and Na-content
should be less than 1 ppm. A decrease in S-level might be considered: however, even very low levels, e.g.
lower than 0.01 % S, may not prevent hot corrosion [9] especially in coastal or industrial environments.
This is because intake air contaminants play a very serious role in hot corrosion, Condg [2] presented
data on seasalt concentrations in the intake air, finding 0.1 ppm in & marine environment and even up to
0.01 ppm at 160 km inland. With figure 3 in mind this clearly shows that even without any fuel contami-
nants hot corrosion is likely to occur. Also, intake air leads to a third source of contaminants: salt
deposits on compressor components. These deposits may periodically break off and enter the turbine section.
It turns out, based on recent measurements [10], that these deposits often consist mainly of Na2$04, and so

they directly generate hot corrosion-prone conditions in the turbine without the sometimes disputed con-
version of NaCl into Na2504.
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The role of carbon, leading to carburisation and possibly the "green-rot" type of attack [6]; chloride,
which effects the integrity of the oxide scale and the wetting properties of Na,30, deposits [2]; and

vanadium, which strongly affects the corrosion rate ([2],[7] and [1], p. 265) were all discussed in the in-
dicated references. Furthermore, attention was focussed on the importance of the local micro-environment
at the gas/metal interface, instead of the overall environment [11] and also on the importance of the use
of thermodynamic equilibrium diagrams [12]. Although these do not give an indication about reaction
kinetics they enable at least the prediction of which chemical species are stable, metastable or unstable
under certain environmental conditions (temperature, pressure, gas phase composition).

2.4 Factors affecting corrosion resistance

If current Ni-base gas turbine alloys are compared in terms of hot corrosion resistance a ranking
order like that in table 1 is obtained [13]. There are ranking orders for other material combinations aiso
{14,15,16]. They all have in common that the Cr-content is of prime importance. For oxidation protection
the Al-content is more important because it forms, assisted by Cr, a stable, dense and adherent oxide
scale, Under oxidising conditions, especially at high temperatures, the Cr203 scale is less suitable

because it will further oxidise into Cr03 and evaporate. However, the Crzo3 oxide layer is still important
because it provides the necessary conditions for the initial formations of the A1203-scale.

Several authors addressed in detail the factors which are important for the formation of a stable and
protecting oxide scale and the factors which determine its characteristics: the kinetics of early oxidation,
the effect of surface preparation on oxide scale behaviour, diffusion processes and the mechanical behav-
iour of oxide scales under stress (cycles). Thus, in general, basic resecarch topics were discussed.

A new development which received attention {17] was the introductic' f alloys which contain oxide dis-
persions of rare earth elements or additions of rare earth element- selves, Figure 4 shows the drama-
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tic effect of the addition of Sc and especially Th02 on the cyclic oxidation of Ni-20Cr alloys. This effect

is caused by a much lower growth rate of the oxide scale on alloys with the rare earth type additions, by
enhanced selective oxidation of chromium in the alloy and by an improved oxide adherence during thermal
cycling.

3.  DIRECTIONALLY SOLIDIFIED IN-SITU COMPOSITES
(Specialists Meeting, Washington, April 1974 [181)
3.1 Introduction

The directionally solidified (DS) eutectic materials, also called DS in-situ composites, offer a very
attractive approach towards still higher turbine temperatures in the aircraft engine. These materials con-

sist of a matrix phase which is reinforced by platelets or fibres of a strengthening second phase. The @g_l,“:“j!utﬂé

material is created in-situ by directional solidification out of a eutectic melt. With regard to present
superalloys the DS in-situ composites offer considerable advantages. The currently best Ni-base superalloys
are limited in their useful operat’ng temperature range because the ¥y’ (Ni3(Ti,A]))-strengthening phase

dissolves at very high operating temperatures. The DS in-situ composites are, because of their eutectic
composition, stable up to the melting temperature. Other possible alternatives for the present superalloys,
1ike refractory metals, W-fibre reinforced superalloys and ceramics still have so many drawbacks, especi-
ally in the areas of oxidation/corrosion resistance and ductility, that their prognoses for the near future
are not as good as for the eutectics.

9,'

Most development work has been done on two families of eutectics: Pratt and Whitney concentrated on
the Ni3Nb reinforced lamellar eutectics, like y'-s (NiaAl-Ni3Nb) and Y/Y'-$§ (Ni/NisAl-Ni3Nb) whereas GE and

ONERA developed the monocarbide (e.g. TaC or NbC) reinforced alloys. Figure 5 [19,20] shows the microstruc-
ture of two alloys belonging to the above families. Many data have been gathered on these systems, both
with regard to mechanical properties as to processing parameters. Figure & [21] shows a comparison of ten-
sile strength at different temperatures for a number of eutectic ailoys and two of the best current super-
alloys. Even more interesting is the comparison of stress rupture properties, see figure 7 [21], clearly
showing the gain in temperature capability {or stress capability) which might be obtained by using in-situ
composites.

Apart from strength considerations, however, other properties should also be evaluated before application
as a turbine blade material. Ductility, oxidation and corrosion resistance, impact strength and fabrication
possibilities are also essential. In the following sections the most promising eutectic alloys will there-
fore be discussed in greater detail. Table 2 gives an overview of some of the properties of these alloys
{21,22,23,24]. For comparative purposes two well-known superalloys are included.

>
¥ ~

3.2 Lamellar DS eutectics
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The v'-8 and v/y'-6 lamellar alloys can be classified as ductile-semiductile systems in which the
ductile matrix, consisting of y' (Ni3A1) or y/vy' (the normal Ni-superalloy matrix strengthened by y' pre-

cipitates), is strengthened by the semiductile lamellar intermetallic delta phase Ni3Nb. The y'-6 alloy
(figure 5a), with the composition Ni-23.1Nb-4.4A1, contains 44 v/o Ni3Nb lamellae; a particular v/y'-¢
alloy with the composition Ni-20Nb-6.0Cr-2.5A1 contains about 37 v/o Ni3Nb lamellae. The y'-6 alloy has

better tensile properties than v/y'-6 above 1000 °C (figure 6 [21]) and superior stress rupture character-
istics over the entire temperature region, see figure 7 [21]. However, y'-§ is highly anisotropic and it
has considerably less strength in transverse directions than in the growth direction. For example, up to
800 °C the transverse strength is only one-third of the longitudinal strength. Under transverse bending
the alloy is brittle at room temperature and ductile at 1093 °C [21]. Although the ductility of y'-¢ is
very low the impact strength at room temperature is comparable to that of superalloys as MarM200. The
y/y'-6 alloy has much better ductility than y'-é: 2-5 % at room temperature compared to less than 1 %
for y'-6 [22). It has also a less marked tensile anisotropy. The impact strength at room temperature is
comparable to that of MarM200. Furthermore the y/y'-8 offers more compositional flexibility than y'-S.
This might resuit in future alloy improvements. Finally, the y/y'-6 alloy shows greater oxidation resis-
tance than y'-8. This combination of properties makes the y/y'-$ alloy more attractive for turbine blade
alloy application than y'-§, despite the former's lower stress rupture strength.

[

3.3 Fibrous DS eutectics

The carbide fibre reinforced DS eutectic alloys can be classified as ductile-brittle eutectic
systems. These alloys are characterised by a great flexibility in alloy composition. Ihe ductile matrix
may be a N1 or Co-superalloy matrix which can be solid solution strengthened or, as in the case of a Ni-
matrix, also precipitation strengthened by adding elements 1ike Al. The reinforcing brittle fibres may
consist of monocarbide MC fibres, with a volume fraction of up to about 16 %, or of M7c3-carbide
fibres with a higher (30 v/o) fibre percentage.

The M-MC class of alloys mostly contain TaC fibres, although NbC fibres are also studied (Fig. 5b). The
fibre diameter is about 1 micron. One of these alloys, Co0-20Cr-10Ni-12.7Ta-0.75C has greater rupture
strength than v'-é at high values of the Larson-Miller parameter (Fig. 7). Furthermore, the M-MC eutectics
show good transverse strength in relation to the lamellar v'-§ and v/y'-$ alloys. (They also show good
ductility: a fracture strain at room temperature between 10 and 30 % [22,25) and good impact resistance.)
The only moderate strength at lower temperatures may, however, impose a serious design limitation (Fig. 7).
0f the M7C3-fibre reinforced alloys the alloy 73C has a chemical composition of Co-41Cr-2.4C. The rein-

forcing phase is faceted and more irregular in comparison with the MC-fibres. Because of its high volume
fraction of fibres the M7C3-reinforced eutectic tends to be more anisotropic than the M-MC type of alloy;

however, they are both less anisotropic than the lamellar y'-& and y/v'-~6 alloys [21].
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Another aspect which should be brought to attention is the large thermal expansion mismatch between
the monocarbide fibres and the matrix phase. This might affect thermal fatigue behaviour, although some
authors do no consider this to be a major problem [25]. However, cyclic temperature experiments have indi-
cated that some fibre degradation occurred, especially when the maximum cycle temperature rises above
1100 °C [23], resulting in a lower stress rupture life. In contrast to the carbide reinforced fibrous
eutectics the s~reinforced lameliar eutectics seem to exhibit a much greater thermgl cycling stability,
which is explained to be the result of their physiochemical stability and the relatively Tow thermal ex-
pansion mismatch between the two phases [23].

3.4 Design and production

In the past decades it has been shown that if the maximum allowabie blade metal temperature rises by
e.g. 10 °C the turbine entry temperature may rise by 25 °C because the blade is air cooled. Iherefore,
to gain the full potential capabilities out of the DS eutectic alloys they should be necessarily applied
in sophisticated, highly cooled blades [26]. This requires the development of methods to produce blades
with a complex cooling configuration out of DS eutectics. Figure 8 shows various possibilities for blade
production [27]. At present it has been shown that DS eutectic blades can indeed be produced by directional
solidification in a precision investment casting mould. However, serious consideration should be given to
contamination effects produced by the mould (especially valid for the very high melting M-MC alloys), the
difficulty of producing planar front growth, especially in complex cooled blades, and the ability to
achieve the desired structure in every location of the blade. In this respect it is important to recognise
that the material properties may be manipulated by growth speed variations [21] and this will enable opti-
mization of a specific structure in particular blade locations, e.g. a more cellular, ductile structure in
the blade root and a strong, fully aligned structure in the airfoil. Also, blade fabrication by directional
solidification of simple shapes and their subsequent assembly by e.g. brazing may be possible [27]). All
these techniques should, however, be explored in more detail.

4, LOW CYCLE HIGH TEMPERATURE FATIGUE (LCHTF)
4.1 Introduction

The subject of LCHTF addresses itself to the explanation and prediction of material behaviour under
conditions 1n which both creep and fatigue occur. The spring 1984 AGARD Specialists Meeting on Low Cycle
High Temperature Fatigue [28] in Washington covered this subject, which is very important from the view-
point of predicting component pertormance under real engine operating conditions. With regard to the title
of the subject it is probably necessary first to define the term low cycle fatigue in relation to high
cycle fatigue.

Low cycle fatigue (LCF) is often defined as the deterioration or cracking of metals in less than 50,000

cycles [29]. However, this limit is very arbitrary - values of 104 and 105 cycles have also been mentioned.
A more rational approach has been proposed by Manson {30] who regards LCF "as implying that a high plastic
strain exists over a microscopic region (say several grain diameters), while "high cycle" implies that the
microscopic strain is elastic or involves very small plasticity". In practice this means that LCF plastic
strains develop over a part of a cross-section of a component, e.g. at a notch, while-on the contrary -
during HCF the strains are elastic apart from a very small region immediately ahead of a crack tip {or
stress concentration).

4,2 Necessary steps for 1ife calculation

Components in aircraft engines operate under a combination of complex loading and temperature cycling
which makes it extremely difficult to predict a safe 1ife, the prime intention of the designer. Calcula-
tion of a safe life is difficult especially because the fatigue and creep contributions to 1ife may not be
simply added up, even if it proved to be possible to distinguish between these simultaneously occurring
effects anyhow. The different views on the LCHTF problem, from the designers standpoint and from the
materials scientists side are very well expressed in the paper of Harrison and Cockcroft [31]. Some of the
other views in this paper are also presented below. . -

The LCHTF problem can generaily be approached from two sides. The first approach is that component life is
calculated based on available low temperature fatigue life relations. Time and temperature effects are in-
corporated in those relations to account for operation at elevated temperature or to account for thermal
cycling conditions. The other appiroach is based on available creep life equations which are adapted to take
into account the effect of cyclic loading conditions. It may be expected that both methods work best in
their original area. The fatigue approach lends itself most to fatigue dominated conditions: 1ife is highly
dependent on the number of cycles, and frequency or time effects are less dominant. In that case failure
occurs mostly by crack initiation at the surface followed by transgranular crack propagation. The creep
approach is most appropriate for creep dominated conditions: life is strongly dependent on time at tempe-
rature. The failure mode is characterized by intergranular void formation and crack nucleation.

Before the various life prediction methods are discussed an indication will be given of the methods
to determine a real stress or strain history in a component [32]. First a thermokinetic study is performed
to determine the temperature distribution in a component at any moment of the cycle. For this purpose heat
transfer coefficients, the emissivity of the component surface, thermal conductivity and specific heat
should be well known. It shculd be recognised that already during this calculation errors are inevitable
due to ¢.g. small differences in cooling air flow. Subsequently a calculation is made of stresses and
strains in the component owing to mechanical loading and temperature differences. For this calculation
elastic behaviour is assumed; this means that the thermal expansion coefficient o, the Young's modulus E
and the Poisson's ratio v are assumed to totally determine the material behaviour.

Plasticity effects, occurring at notches or geometric discontinuities where stresses may exceed the
yield stress of the material, are then taken into account. The Neuber rule provides a means for the calcu-
lation of stresses and strains under these conditions if the cyclic stress-strain curve of the material is
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Neuber: K% = KO.KE with Kt = theoretical elastic stress concentration factor at notch
0.
K = _local _ actual stress concentration factor
mean
“local
K = < 0Ca% - actual strain concentration factor.
mean
mean
Rewriting the above equation and substituting €mean by < gives:
KZ 02
£ mean _
E %%ocal €10cal :

The two unknown right hand terms in ihis equation are related by the cyclic stress-strain curve of the
material.

Using the above simplified approach it is thus possible tc calculate the stress and strain history for any
location of the component, provided that no temperature or time dependent effects induce stress or strain
relaxation. A life prediction should now be made based on the stress and strain history and also the
accompanying temperature history, i.e. creep effects (if any) are introduced in the life prediction model.

4.3 Life prediction methods

The papers by Harrison and Cockcroft {311, Brunetaud and Thiery [321, Manson [33] and McEvily and

Crosby [34] all contained reviews of 1ife prediction methods for conditions where creep/fatigue inter- ;}ﬂ;: ; ::.;
actions occur. Recently Halford [35] published a review of life prediction methods developed at NASA. This e
review is also extremely useful for those who wish to know the present status of this subject. In the et

following the various methods are briefly reviewed. o

e v e .
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Extension of low temperature fatigue life relations

The first life prediction method in the area of low temperature low cycle fatigue was introduced in the o
early 1950's and became known as the Manson-Coffin Law. It relates inelastic strain range to number of
cycles to failure:

= -0.5
Aein = C.Nf

+
S PRV

w159 ¥

(1)

In this equation C is a constant which is directly related to the tensile ductility of the material. In
fact this equation may be regarded as a life relation valid for the low cycle fatigue governed part of
the total fatigue curve. A general equation for the total fatigue curve has been proposed by Manson [36],
the so called Method of Universal Slopes:

350
[!] ) N;0.12 (2)

.
ALY
FLtCP

- _ n0.6 ,-0.6
Aet = Aep + Ase =D .Nf +

total strain range

in which Aet

Aep = plastic strain range
Ae, = elastic strain range
e . 100
D = measure of fatigue ductility = In 100-RA
RA = reduction in area in a tensile test
Nf = pumber of cycles to failure
oy = ultimate tensile strength
E = Young's modulus

The method is illustrated in figure 9 which also shows the original Manson-Coffin law for low cycle fatigue
(equation (1)). In comparing the two equations it is clear that the slope of the plastic line differs: -0.5
in the Manson-Coffin law and -0.6 for the Universal Slope Method. However, Manson [36] explained that there
was no basic conflict because the -0,5 1ine was mostly based on the lite necessary to generate a certain
crack whereas the -0.6 line regarded final fracture as the fatigue life.

The universal slopes equation has been shown to be valid for a wide range of materials: only in extreme
cases does the predicted value differ from the actual value by a factor of 10 [35,36]). The ease of the
metzod is that to predict life only the tensile strength, ductility and Young's modulus of the material is
needed.

It has been tried to modify the universal slopes equation to extend its use also for elevated temperatures.
A "10 percent rule" was proposed by Manson and Halford [37]. This states that the number of cycles pre-
dicted by the universal slopes equatign (calculated for the actual temperature) should be reduced by a
factor of 10 to account for oxidation and creep effects. Although this rule has shown to be effective over
a range of temperatures, it overestimated life especially at very high temperatures and also at low fre-
quency or when hold time effects were considered. A modification to the 10 percent rule, to account for
these effects, was proposed by Manson. Based on creep rupture curve slopes Harrison and Cockcroft [31]
simplified Manson's modification to

K (3)

where N% = revised number of cycles in relation to 10 percent rule
K fraction of cycle time at peak load
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= frequency
A = time to rupture on a stress rupture curve.

Harrison and Cockcroft stated that the same result could have been obtained by .applying the 10 percent
rule to a somewhat modified universal slopes equation: changing of the exponent of the elastic part of
this equation from -0.12 to -0.24 would suffice.

Coffin extended the Tow temperature Manson-Coffin relation, eq. (1), into an elevated temperature
form by introducing a frequency term. The addition of the elastic component, which is also frequency de-
pendent, resulted in the following Coffin's frequency modified fatigue relation [38] (Note: the original
literature [38] contained printing errors which subsequently resulted in errors in the derived 11terature
[31,33]; the following equations (4) and (5) are the corrected ones):

e = i k1y-8, A% pn K
€, = Aep + 8e, = Cy(Newv )y U+ = Ny (4)
where v = frequency

B slope of plastic curve, no hold time

n cyclic strain hardening exponent

C2 = constant in Manson-Coffin law (eq. 1)

Ask,k;,k; = material constants; ki = -gn(k-1) + ky

It 1s easy to see that this equation transforms into the universal slopes equation if the frequency effects
are eliminated (k = 1, ki = 0 (= k; = 0)), ¢, =0%*%, 8 = 0.6, A = 3.56,/0% % and n = 0.2

The elastic and plastic terms in the Coffin relation are represented.by straight Tines if plotted in a
double logarithmic de - Nf figure. The frequency effect causes a parallel shift of the curves. Manson [ 33]

covered this subject broadly by reviewing a lot of literature showing also a rotational effect of the
strain versus life curves at different frequencies or hold times. This would imply that the frequency term
in the Coffin relation, apart from being just a multiplier, should also be introduced into the exponent of
the 1ife relation. However, for these modifications we refer to the paper of Manson {33]. Results of the
Coffin approach are shown in figure 10 [39].

Coffin's frequency modified relation provides the opportunity to relate Nt’ the transition fatigue life,

to the applied frequency. The transition fatigue 1ife is the 1ife at the intersection of the plastic and
elastic lines in the fatigue 1ife relation (see e.g. figure 9b). In the Coffin approach Nt is given by
(by equating the elastic and plastic terms in equation (4)):

1/8(n-1
ACZ“‘1 1 /8n-1) k}-8(1-k)/B(n-1)
{ £ J v (5)

Ny =

Coffin [38) emphasizes strongly the value of Nt‘ It determines the method of testing and the analytical
procedures to be used for the handling of the problem. If the design life Nd >> Nt’ then high cycle fatigue

information is most meaningful, mean and residual stresses have a great effect on life and linear elastic
stress analysis and fracture mechanics should be applied. If Nd s, Nt then Tow cycle fatigue data are re-

quired, mean stresses will relax during cycling and elastoplastic solutions are required for design.

An interesting aspect is that the Coffin relation (eq. (4)) can also be written in a “creep" form
(see [31]) by replacing Ne/v by the time to failure t.:

Ach ki-gn
de, = Cyutzfv kB e 2 B0 T (6)
For hold-time testing the frequency can be replaced by the inverse of the hold time t:

ACh gn-k!
de, = Cputpfick® a2 B )

As above, the constants k and ki determine whether frequency effects are important. If k = 1 and ki =0,

at low temperatures, then eq. (7) transforms into the universal slopes equation (2): material behaviour is
then only cycle dependent. At the other end of the scale, substituting k = 0 and ki = gn the equation (7)

becomes only time dependent. The conditions are now creep dominated. Only in between these values is the
material behaviour frequency dependent. This type of behaviour is illustrated in figure 11, showing re-
sults of Conway et al. [40],

A list of the above mentioned coefficients, calculated from test data, was prepared by Coffin for a number
of materials, see table 3 [38]. The frequency modified relationship may be quite useful, especially under
those conditions which resemble the conditions for which the constants were calculated. However, a 1ot of
input data is required: for each temperature at least 6 coefficients should be determined.

Linear damage summation

Linear damage summation, also called time and cycle fraction summation, is another well known method of
life prediction. This method, first proposed by Taira [41], combines Miner's fatigue damage rule and
Robinson's creep damage rule to
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where n, = number of cycles at load level j; p = number of load levels ;‘-?_::::,_:::i;:i
NJ. = number of cycles to failure at load level j E,. .-*!,.

t, = time duration at load level k t};?;:{i{

Ty = creep rupture time at load Tevel k FS:Q;Ef;QE

D = total damage factor ity

'1“\' .GK, ‘\" :l\

In this approach it is assumed that the damage fraction occurring in fatigue (the cycle fraction) and the %ﬁ}dﬁﬁt}_

damage fraction occurring in creep (time fraction) may be simply added up; in this case the value of D
would be 1 (fig. 12 [35]). Although the relation has been successful there are also serious limitations;

in particular different loading conditons are not well predicted. Furthermore there are limitations with
respect to compressive loading [42] and hold time effects [431. The effect of different loading conditions
is illustrated in figure 13 {44]. This figure shows the stress rupture curve of the virgin material (con-
tinuous line) whereas the-dotted lines represent the stress rupture curves (also called constant damage
lines) for specimens which have been previously exposed to a certain fraction {points 1 and 2) of the creep
life. If the time fraction rule applied then all 1lines would be paraliel. However, if the stress is in-
creased then a lower Tife is found (points 1A and 2A) than predicted on the basis of the 1ife fraction
rule. The opposite effect occurs when the stress is decreased. No such behaviour is observed when, instead &.,,
of the stress, the temperature is changed. In the latter case the 1ife fraction rule remains valid. VL
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Polhemus [45) developed a model in which the total initial available ductility is gradually exhausted due
to the accumulated damage contributions of cycling and creep. In this model the damage occurring in every
cycle is converted into an equivalent creep time. This equivalent creep time is added to the actual creep
time in the cycle. The procedure in fact calculates at any cycie the position along the static creep curve.
The stepwise progression is followed until faijure occurs, which is the case when the remaining ductility
is zero, thus when the total strain equals the fracture strain of the creep rupture curve.
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Before we go over to the last life prediction model to be reviewed in this paper: the strain range
partitioning method, some additional remarks will be made about the 1974 LCHTF AGARD conference. In the
above 1ife prediction methods no clear distinction has been made between crack initiation and propa-
gation. Only the total fatigue life (defined as the life to complete failure (Manson) or the life to an
"engineering” size crack in the case of Coffin) was predicted. Weil's paper [46] addressed the subject of
crack initiation and propagation from the materials side: failure modes, processing quality, residual
stress effects etc. Manson [33] showed some equations for crack growth which may also be used in the high
temperature regime. Also in this case i2lations are often be- * w temperature relations, e.g. the
Paris law: %% = C.(AK)", which have been modified for use at elevated temperatures. Another crack growth
life prediction method is a variant of the strain range partitioning method. However, for all these
methods we refer to the literature [33].

Lastly, short mention is made of the paper by Krempl [47] which addressed the problem of multiaxial
fatigue failure criteria, and the paper by Smith [48] which was actually a review paper on the precision
of LCHTF testing methods. Constitutive testing and component testing, as extremes of the total test
spectrum, were described including the test variables which should be known and controlled for making
valuable test results.

The strain range partitioning (SRP) method
The SRP method ~ introduction

The strain range partitioning approach as a means for life prediction was broadiy discussed during the
1974 Specialists Meeting on LCHTF. As a result of that meeting Mr. Hirschberg of NASA suggested a coopera-
tive testing programme to evaluate the ability of the SRP method to predict 1ife. Several laboratories
s participated in the programme and its final results were presented at the 1978 AGARD Specialists Meeting
o on Characterization of Low High Temperature Fatigue by the Strain Range Partitioning Method [49], In the
o first instance the background and basic concept of the SRP method will be presented and then we will dis-
-t cuss the ability of the method to predict life, as was done during the 1978 meeting. The SRP method of
!Z* 1ife prediction was first proposed in 1972 by Manson, Halford and Hirschberg [50] as a result of their
- efforts to improve the linear damage summation (time and cycle fraction) model. In doing so their attenpts S
2 finally resulted in the basically new SRP method. The SRP model is in essence based on the assumption that e
}FJ there are two forms of inelastic strain: plasticity and creep. Creep is the themclly activated, diffusion :;\2ﬁ:b;
L controlled and time dependent component, whereas plasticity is the time independent component (the immeds- DN
oy ately occurring plastic strain only as the result of the application of a load). Because in a simple cycle AT
S inelastic deformation can take place in either the tensile part or the compressive part of the cycle we ST
:;w arrive at a maximum of four strain components: plasticity in tension, plasticity in compression, creep ;"'jﬂ'\
; o

in tension and creep in compression, By combining these 4 basic strain components the following inelastic

é}: strain range components are created: Aepp, Aepc, Aecp and Aecc. The two components denote the types of :;qufjg
*?é strain in tension and compression respectively, so Aepc depicts a strain cycle in which during the tensile }@:}2:{;\
L part only plasticity occurs and in compression only creep. The four generic types of strain ranges are e
;Q shown in figure 14. Only three of these; Aepp, be . and one of the mixed strain ranges Ae c or Aecp can, 5:{:535?
o by definition, occur simultaneously in one cycle. Aecp and Ae c cannot coexist, otherwise a further ﬁf}?};,{

splitting up interpp,Aecc and eitherAepc brAecp would be possible.

A visualisation of what might actually happen in a component during the completion of a cycle is shown
schematically in figure 15 {51] for component Aecp. During the tensile part of the cycle creep processes

i Bl e 55770 haten s ks S i 2 s o) e o sk e .z




5-8

like grain boundary sliding and void formation in the grain boundaries occur. The load is assumed to be
too low to activate the slip plane EF. During the compression part of the cycle, when the net external
strain is returned to the initial value, rapid loading is assumed (no creep effect). Therefore high
stresses develop, the slip plame EF is activated and s1ipping occurs along that and other parallel
crystallographic planes. Although the outer dimensions are the same, internal damage has been introduced.
During continuous cycling an accumulation of damage occurs until the material is not capable any more to
accommodate more strain and a crack develops.

The SRP method - application

The SRP method now says that any complex loading cycle can be split up into one or more of the 4 generic
components. This is visualised in figure 16, showing a strain cycle with rapid tensile loading, followed
by a load hold a~d subsequently a rapid compressive 1oading and a load hold in compression until the cycle
s closed. By analysing this cycle it turns out that Aepp = BD, be,. = CD and A ¢ * AB-CD. If the 1ife

relationships of the 4 basic components are known, and these should be established by appropriate tests,
then a simple linear damage rule can be applied for the calculation of the complex cyclic loading 1ife.
The 1ife relationships of the 4 basic strain range components can indeed be determined, see figure 17 [42].
It turns out that the PP curve is usually the highest and the CP curve is usually the lowest. This allows
upper and Tower bounds of life easily to be established without the need for partitioning a complex cycle,
and this may be sufficient for a specific purpose. :

Another important aspect of the 1ife relationships shown in figure 17 is that they are reasonably indepen-
dent of temperature. The relationships are valid between 540 °C and 870 °C [52]. A particular strain range
applied at different temperatures results in the same 1ife. However, this need not be true in general: if
the creep or plastic ductility of a material is sensitive to temperature or time of application then no
temperature or time independence may be expected.

If the individual life relationships of the generic strain range components are known then a simple
linear damage rule would apply:

NL;,WI_J,NLWI_:_I_
pp cc pc cp f
» R
vihere Npp = the number of cycles to failure if only Aepp is applied, etc. = %
However, an "interaction damage rule" has been found more easy to use: t : f
) oy
F F F F . ¢
PP, cc, pc, cp_1
Npp Ncc Npc NCp Ne y
Ag ER
in which F_ = —E2 , etc. =g

PP 4€ 4y total

and N__ = the number of cycles to failure if the total e, is assumed to be Ae_ .

Both methods are illustrated in figure 18 [42]; they differ from each other in the sense that for the
second method the Tife N for a particular type of strain range should have to be known only for the entire
inelastic strain range involved. E.g. in the case of figure 18 N__ and Ncc have only to be known for

Aein = 0.01. This prevents the necessity of accurately estabiishing the Tife relations at very low strain
ranges; e.g. for point B as was necessary in the case of the linear damage ruile.

P
.

wh

The SRP method - procedure for partitioning

The procedure of partiticning a strain range is for a simple case illustrated in figure 19 [42]. In this
case a symmetrical loading pattern (a constant strain rate both in tension and in compression) was applied
at different frequencies. The total inelastic strain range was held constant at 0.47 %. Because of the
symmetrical loading only ac p and be,, are present. The wide hysteresis loops shcwn in figure 19 are the

continuous cycling loops containing both Ae p and Aecc' To obtain only the plasticity strain range ae

rapid loading should be performed between the maximum load reversal values; this results in the thinner
loops shown in the same figure. The creep strain range Ae_ . is obtained by subtracting the plasticity loop
from the outer, total inelastic strain range loop. ce

For the test conditions shown in the figure the life was computed with the aid of the above mentioned

By
.

linear damage rule and the interaction damage rule. There is no great difference in the prediction capabi- e 1
lity of the two rules, and it is still uncertain which of the rules give better results [42). Again, this . g
figure shows the frequency independence of 1ife at very low and very high frequencies. Ik
For more complex asymmetrical loading the strain range can also be partitioned. We therefore refer to }i
Manson et al. [52]. L >

Before the as above determined strain range fractions can be applied for life calculation the basic strain
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range life values (fig. 17) have to be generated. This can be done in appropriate tests, using rapid load- ;'::Tx"j~fv;1

ing patterns, so excluding creep effects, and on the other hand using e.g. long hold times at constant () K
xy stress, to exclude plasticity. DSy
3 e
o In the AGARD cooperative testing programme to evaluate the SRP method each laboratory carried out the L T

L
|20 A

A

above mentioned tests to generate the baseline strain range/life relations. It turns out that fatigue tests o
in which the total inelastic strain range consists of Aepp are easily performed by selection of a high RGN :_?

strain rate. However, all the other tests, designed to give primarily a cp-, pc- or cc-type of loading
still contained a pp component. This means that before the three other individual relationships can be
drawn the interaction damage rule should be applied in the reverse manner.
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Verification tests with more complex Toading were performed to check how well the established SRP life re- Sl
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Jationstips could be used to predict cyclic 1ives [53]. In this paper we will not go into further detail
with respect to all individual findings and applications of the SRP method. We refer therefore to the
available proceedings [49]. However, it may be stated that the SRP method had in general a reasonably good
predictive capability (within a factor of 2) for specimen lives under more complex loading situations.
Drawbacks were that in a number of cases the application of the SRP method resulted in negative 1ife values
for Ncp’ Npc and Ncc (see e.g. [54,55]). This is attributed to the effect of mean stresses which is not

accounted for by the SRP method. The SRP method in its present form only accounts for the strain range and
not for the mean (or maximum) tensile stress din the cycle.

Another guestion which arose during the Specialists Meeting was the ability of Ductility Normalised SRP
relationships to predict 1ife. This approach introduced by Halford, Hirschberg and Manson [56], involves
the normalisation of the strain range by dividing by the ductility D. The Aepp and Ae c strain ranges

are divided by the plastic ductility as measured in a tensile test, whereas Aecp and fe.. are divided by

the creep ductility, determined in a creep test both at the appropriate temperature and environmental con-
ditions.

The resulting ratios, e.q. Aepp/Dp are then plotted against number of cycles. Halford et al. [57] showed
that using this approach universalised equations for the four basic strain ranges could be formulated:

e, = o.so.np.ﬂpp“"6

e = 0.25.Dp.Npc'0'6
ey = 0.20.0,0-8 Ncp'0'6
or = 0.10 0 0 Ncp'0'6
0.6, -0.6

be . = 0.25.0c Ncc

Knowledge of the ductility of the material under the appropriate conditions would then be enough to esti-
mate the position of the four basic life relationships and this would be extremely useful, of course.
However, there was at the meeting considerable reluctance to accepu ductility as the overriding parameter
in describing fatigue behaviour of a wide range of materials. This aspect, together with others mentioned
above, therefore still requires more consideration.

5.  POWDER METALLURGY

5.1 Introduction

The production of engine components {and also aircraft structural components) out of superalloy or
titanium powders has received considerable attention in recent years. Powder Metallurgy (PM) offers con-
siderable potential advantages: in large components a much better uniformity in properties can be obtained
then by conventional forging of ingot material. Furthermore the technique also offers a considerable cost
reduction potential because of (near) net shape forging by hot isostatic pressing (HIP) capabilities.
AGARD therefore organised a Specialists Meeting on this subject in Ottawa in the Spring of 1976 [58].
During this meeting all aspects related to PM processing were handled: powder production, canning tech-
niques, powder consolidation, secondary forging operations, heat treatment, non destructive inspection,
mechanical properties and economics. In addition, during the 1978 AGARD Specialists Meeting on Advanced
Fabrication Preccesses [59] PM metallurgy and near net shape powder production techniques again received
considerable interest. A short review of both meetings on this subject will be presented below.

5.2 Powder praduction

High quality superalloy and titanium powders can be produced in several ways. Figure 20 ([58], pp.
SC1-3 and SC6-1) shows two of those: the rotating electrode process (REP} and the vacuum atomisation
process. In the REP-process an electric arc is struck between a non rotating W-cathode and a rotating,
consumable electrode made of the alloy which should be atomised. By the centrifugal action the molten
material flies off from the rotating anode forming very small droplets which solidify in the inert environ-
ment. In the vacuum atomisation process the molten master alloy, supersaturated with hydrogen gas, explodes
into a vacuum tank forming very fine powder particles, Table 4 [60,61] gives an overview of the various
production processes, some of their characteristics and the resulting powder properties.

Some processes, e.g. the REP and the CSC processes, make use of an inert environment, which increases
cooling speed and so allows for smaller chamber dimensions (molten droplets should preferably be prevented
from hitting the walls). The inert environment (e.g. He or A) is of course not capable of improving the
quality of the starting material. The electron beam processes, which use vacuum as environment, offer the
possibility of melt refining by the evaporation of interstitial elements; however, compositional variation
also resul;s and furthermore droplet cooling is only possible by radiation, which requires a long solidifi-
cation path.

The rotating electrode process is most widely used for Ti-powder production. One of the drawbacks however,
is the contamination of the powder with W-particles originating from the "non-consumable" W-cathode. This
contamination may result in inferior fatigue properties (see later). Work is in progress to replace the W-
cathode by a co-consumable Ti-cathode of the desired powder composition.

The Argon atomisation process is preferably used for the production of superalloy powders. One of the
problems with this process is that argon is picked up and entrapped by the powder particles, especially
the larger ones. This results in the development of internal pores after post-consolidation heat-treat-
ments. Therefore the maximum particle size to be used is restricted to 180 um. In that case still accep-
table A-levels occur (< 2 ppm A) [60].

In general powder handling is considered of vital importance to prevent gaseous contamination (especially
valid for small particle size powders) and foreign particle contamination. A1l handling {e.g. classifi-
cation, storage, canning etc.) is therefore mostly done in vacuo or in an inert environment.
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5.4 Powder consolidation

Before consolidation the powder is filled into (mostly) steel cans which are evacuated and outgassed
before they are tightly welded. Consolidation may be carried out by several processes: extrusion, pressing
and sintering, explosive impaction and hot isostatic pressing (HIP). HIP offers a variety of opportunities
for powder consolidation: ranging from the simple production of billet stock, which can subsequently be
processed by conventional forging methods, down to near net shape forging of the final component. This
latter process is especially attractive because it avoids a number of forging and machining steps and
leads to a considerable cost reduction. This is illustrated in figure 21 [62] showing a comparison between
three production methods for engine discs: 1) conventional forging in various steps starting from ingot
material, 2) HIP processing of powder to an intermediate preform or 3) HIP processing of powder directly
to near net shape. For additional clarification figure 22 [63] shows the total powder processing route
leadiny, to a disc preform. The much more efficient material usage obtained by PM processing with respect
to conventional forging is clearly illustrated in figure 21 and this may be an additional advantage for
processing strategic materials.

5.4 Mechanical properties

As already mentioned, one of the main reasons for the introduction of the PM technology is that
uniform properties can be obtained throughout large components. In the case of conventional production
processes via ingot casting and subsequent forging operations it is nearly unavoidable that macro-
segregation occurs resulting in microstructural changes and therefore property changes in different cross-
sections. Defects as a result of inclusions, slag etc. are also difficultly to avoid. PM materials, because
of their better controllable process steps, may thus offer substantial improvement over conventional
processes. However, at present there are still many problems to overcome. For example: it turned out that
the mechanical properties of Ti-pcwder alloys were about equivalent to those of their wrought counterparts,
with the exception of fatigue properties. Vaughan et al. [64] showed that the LCF data on PM Ti-6A1-4V
were inferior to the wrought product data and that there was considerable scatter also in the PM data.
These observations are similar to results of Keinath [65] who showed that for the same alloy the notched
as well as smooth specimen fatigue Tives for HIP-processed material were lower then those for the normally
forged alloy. Both studies indicace that W-inclusions (from the cathode in the REP process) are the cause
of crack initiation. Eliminating these W-inclusions by a change in electrode material would very likely
result in improvement in fatigue behaviour. The study of Vaughan et al. [641] also concluded that the
amount of reduction during the HIP-route is considerably smaller than the work done in the conventional
forging route. It was suggested that this would also contribute to the inferior fatigue behaviour of the
PM material. Other papers [66,67] indicate that also for PM Ni-superalloys the amount of reduction is very
important for the improvement of mechanical properties. This seems to be underlined by the papers of Allen
[68] and Symonds and Thompson [69]. Allen described the production of F100 turbine discs with emphasis on
the fact that the IN 100 superalloy powder is first consolidated by extrusion to a very fine grain size
and is subsequently hot isothermally forged (superplastically forged) to the near net sonic shape used for
non destructive inspection. Symonds and Thompson mention thermoplastic processing, the basis of which is
that the powder is heavily cold-worked before compaction, as a means of simplifying subsequent HIP and
forging operations and possibly improving the material properties. In general it may be stated that the
¢ sbination of deformation operations and thermal treatments is of upmost importance for the production of
the desired structures and therefore the desired material properties.

5.5 Other PM developments

Apart from the above mentioned items several other aspects of PM material were treated like e.g.
weldability of PM Ti-6A1-4V [70], the production of airframe components from Ti [71], Co-base PM materials
[72]and the production of a composite turbine blade made of PM Mart200 and reinforced W-fibres [73].

A most interesting new approach is the introduction of extremely high solidification rates during powder

atomisation (> 105 K/s) by rapid quenching of a molten stream of fine particles in a high mass flow of He

[741. Especially at smaller particle sizes (~ 60 um), where solidification rates approach 106 K/s, an

almost complete homogeneity is obtained. After extrusion of the powders the structural uniformity is
striking, leading for MarM200 to an incipient melting point ircrease of 90 K over the conventionally pro-
cessed alloy. This means that the normal alloying boundaries can be expanded and new alloys may be deve-
Toped. Indeed, new Ni-Al-Mo material compositions for turbine blade application were tested and, although
only in a preliminary stage of development, these showed superior strength at temperature over the presently
used directionally solidified superalloys. This strength increase, shown in figure 23 [74], may also be
translated in a 110 K improvement in high temperature capability.

In summary the following advantages can be expected from the PM approach (see also [64]):
- Billet stock, preforms and final forgings may be produced free from defects, with a uniform and fine
grain size and no compositional variation .
- mechanical properties should be at least equal to those obtained by conventional forging
- considerable cost reduction should be possible because of fewer forging and machining steps
- a more efficient material usage due to near net shape forming techniques
- new alloys, with properties beyond those of convential ingot metallurgy alloys, can be developed.

6.  ADVANCED FABRICATION PROCESSES

During the 1978 Advanced Fabrication Processes Meeting [59] aspects other than PM metallurgy were also
handled. An interesting paper was presented on net shape processing of non-oxide ceramics [75]; however this
subject will be discussed in more detail in the next section. Some papers presented overviews of the
effect of cutting and grinding parameters on tool life and residual stresses: others described present
automatic milling and 5-axis automatic drilling equipment.
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Various surface treatment processes e.g. to improve corrosion and wear resistance were presented.
Advanced coating deposition techniques are ton vapour deposition [76], sputter ion plating [77] and ion
impiantation [77}. The first two processes involve deposition of a partly ionised source {coating) mate-
rial on a substrate (which acts as a cathode), assisted by inert gas ion-bombardment for densification. The
described processes differ with respect to evaporation of the source material: in the case of ion vapour
deposition the source material (e.g. Al) is evaporated by resistance heating, whereas in sputter ion plating
the source material is "sputtered off" (by ion bombardment) from a second cathode consisting of the coating
material. The third process, ion implantation, involves the bombardment of a component surface with very
high energy ions of the element to be implanted. These ions penetrate the upper substrate layer (to about
1 um) to give a higher surface content of the particular element.

The deposition of Al by ion vapour deposition on fasteners and engine components made out of steel may pre-
vent serious drawbacks of cadmium-electroplating 1ike hydrogen embrittlement and ecological side effects
because of the toxicity of Cd [76].

Sputter ion plating of TiC and TiN has been applied to produce very hard coatings for wear and erosion
resistance. MCrAlY coatings may be deposited by this method for improved high temperature corrosion
resistance.

C- or N-ion implantation provides much better wear characteristics of cutting tools and extrusion dies.
Furthermore ijon implantation of Al, Cr, and Y may offer better high temperature corrosion behaviour [77].
Wear resistant surfaces can also be created by plasma spraying of a layer consisting of a dispersion of
carbides in a metal matrix, e.g. WC in a Co-matrix [78].

An interesting new approach is the use of lasers: they may e.g. be used to modify a surface structure
by heat treatment or to change the surface composition and structure by treatment of previously applied
coatings [79]1. They are also suitable for all sort of metal working, such as deep penetration welding, hole
drilling and cutting operations [80].

Finally, superplastic forming and diffusion bonding may also be considered as aavanced production
processes. Two papers were presented on these subjects. [81,82] both showing the capabilities of these
methods with respect to production of complex Ti-components. The first process is based on the finding
that several Ti-alloys exhibit superplastic behaviour at temperatures around 950 °C, see figure 24 [81] in
which the process is schematically illustrated. At the same temperature and under pressure (e.g. 2 hours
at about 15 bar) atomic diffusion occurs between two adjacent Ti-interfaces and a strong bond nearly equal
to the parent metal strength is obtained. The combination of superplastic forming and diffusion bonding
allows the production of fairly complex parts, see figure 25 [81]. Although mainly aircraft structural
parts have been <ade until now, it seems 1ikely that also engine components (e.g. hollow fan blades [83]),
engine casings or the engine support structure can be fabricated in this way.

7.  CERAMICS

7.1 Introduction

The demand for higher turbine entry temperatures and lower material costs has strongly stimulated the
development of ceramics for turbine engine applications. This was the reason why AGARD organised in 1979 a
Specialists Meeting on Ceramics for Turbine Engine Applications [84]. The papers presented at this meeting
can be roughly categorized into three areas: (1) requirements and criteria for application of ceramics in
gas turbines, (2) fabrication aspects and properties of ceramics, and (3) actual ceramic component develop-
ment anc evaluation.

The mo:t aitractive properties of ceramics are their high temperature capability with respect to both
stress ana environmental resistance, their low cost manufacturing potential and the superabundance availa-
bility cf raw materials. On the other hand, ceramics alse show serious drawbacks: their inherent brittle-
ness nakes them vulnerable to thermal and mechanical shocks; material yielding in order to smooth out
stress concentrations is not possible, and there are great problems with mechanical interface matching. In
the following a short overview is presented of the above mentioned aspects dealt with during the meeting.

7.2 C(Classification, fabrication and properties

Ceramics may be defined as inorganic, non-metallic materials which are first processed to shape at
about room temperature and which obtain their final characteristics by a heat treatment which is normally
carried out above 800 °C. Ceramics can be classified into various families of which the silicon nitride
based family and the silicon carbide based family are considered as the most 1ikely potential candidates
for gas turbine engine application (see also [85-89]):

Silicon nitride based ceramics
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The silicon nitride family consists of:

N hot pressed silicon nitride (HPSN)
::\ reaction bonded silicon nitride (RBSN)
* sintered silicon nitride {SSN)

g' SiALON's (S1MON)

Chemically vapour deposited silicon nitride (CVD-SN)

Hot pressed silicon nitride (HPSN) is produced by normal, uniaxial pressing or by hot isostatic pressing.
Starting material 1s an a-Si3N4 powder and-a densification aid, like e.g. Mg0, Y203, Zr02 and Ce0, which

acts as a lubricant (a liquid-forming oxide) during compaction. Strength depends on the quality of the
starting powder and phase composition, pre-processing (milling, mixing) and hot pressing parameters 1ike
time and temperature {normally about 1700 °C). In general, however, HPSN shows with respect to other types
of ceramics, superior strength at intermediate temperatures (up to 1000 °C), high KIc’ good thermal shock

resistance a.d excellent erosion resistance. HPSN is normally produced in simple preforms. Because of the
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high machining costs for the production of complex components out of billet material research has been
jnitiated in the area of near net shape hot pressing of Si,N,. Examples of HPSN materials are NC-132,

HS 130 and NCX-94. 34

Reaction bonded silicon nitride (RBSN) is produced by nitridation of a Si-metal preform. The preform is
e.g. made by slip casting, flame spraying, injection moulding or green pressing of silicon powder. Nitri-
dation in a N2 or N2 + H2 atmosphere at about 1350 °C by the reaction 3Si + 2N2 -+ Si3N4 results in a mate-

rial which maintains its strength to beyond 1400 °C. A 23 % volume increase occurs during the nitridation
process. However, the dimensions of the mould remain practically unchanged (~ 0.1 %) because the pores in
the Si-preform will be filled up. This provides the possibility of production of accurately sized compo-
nents without extra machining steps. The creep rate of RBSN is significantly lower than that for HPSh;
however because of the inherent porosity of RBSN (more than 10 %) it is less oxidation resistant and less
strong than HPSN at intermediate temperatures. Well known materials in this class are NC-350, FORD RBSN
and KBI-RBSN. :

Sintered silicon nitride {SSN) is a more recently developed material in which by the addition of suitable
additives (Mg0, Y20§) and use of very high temperatures (~ 1600-1800 °C) sintering may be achieved without

the application of pressure (unlike HPSN). Densities of more than 95 % have been obtained. It has been
shown that sintering of RBSN preforms can also be performed, resulting in lower shrinkage than obtained by
sintering of powder preforms. An example is GTE sintered Si3N4 which contains 6 % Y203.

The STAI0N's are materials in which metal oxides form a solid solution in a distorted B-Si3N4 lattice,
thus creating a s'-S1'3N4 lattice. In fact the material is formed by a simultaneous replacement of Si and N
by Al (or another metal) and 0. Originally A1,05 was used (hence the name SiA10N), however other oxide
additions (Mg0, BeO, Y203) are also effective. B'-SiAION can be fabricated by hot pressing (to fully dense

bodies) and by pressureless sintering to up to 98 % theoretical density. The Tow temperature strength of
the SiAI0N's 1is higher than the strength of sintered Si3N4 but considerably lower than the strength of

HPSN. However, many SiA1ON's show higher oxidation resistance than HPSN. Because the different phases in
SiA10N's play a major role in controlling grain boundary behaviour (which strongly controls HPSN and SSN
strength) future improvements in mechanical properties may be expected by better chemistry and phase
composition control.

Silicon carbide based ceramics

The SiC-based ceramics include:
Hot pressed SiC (HP-SiC)
Reaction sintered (bonded) SiC (Rs-Sic)
Sintered SiC (5-5iC)
SiC/Si composites (Si1/comp)
Chemically vapour deposited SiC (CvD-sic)

Hot pressed SiC. In general, processing is similar to that of HPSN. Mostly A1203 is used as a densifi-

cation aid but only small amounts are necessary because of the much higher hot pressing temperature (above
2200 :C). HP-SiC is Tess strong than HPSN at low temperatures but it retains its strength to about

1400 °C.

Reaction sintered SiC. Although there are many variations in this process the first step is generally the
formation of a plastic body consisting of SiC, graphite and plasticizer, which is subsequently formed to
a green shape by e.g. pressing, extrusion, or injection moulding. The plasticizers are burned off or con-
verted to a porous char. Then silicon is intruded into the green body via tha gas phase or as molten Si
forming SiC with the graphite or char, so that reaction bonding is obtained. RS-SiC is necessarily porous
because of the passage of Si through the body. However, excess Si may be used to fill up the pores to
create a more dense structure. In that case the maximum use temperature will not be higher than about
1400 °C, the melting point of Si. During processing the overall volume remains constant so that near net
shape part production is possible.

Sintered silicon carbide (S-SiC) is a recent development. At about 2000 °C SiC can be pressureless sin-
tered to near full density when extremely fine powder and smali amounts of boron and carbon additives are
used. Compiex shapes can be made by slip casting, die pressing and extrusion. SiC is easier to machine
then 513N4; however it is far more brittle than Si3N4, and this makes it somewhat less attractive

for engineering applications. Table 5 conta’ns an overview of the mechanical and physical properties of
the aforementioned types of ceramics.

Fabrication aspects

An important question in the production of ceramic parts is how closely the final dimensions can be
achieved using a preform which stiil must undergo thermal treatments [85]. Shrinkage of up to 18 % during
heat treatment might occur for sintered products and this makes net shape processing very difficult. Of
course machining to final dimensions may be performed, however, because of the high hardness of the
ceramics, the costs of such production steps are excessive. Gugel (85] gave an overview of the various
processes ¢f shaping of ceramic components including an indication of time, complexity, accuracy and cost
of tools of these methods. At low temperature dry pressing, injection moulding, warm moulding, extrusion
and slip casting are the basic shaping methods, which are normally followed by a "burnout® (the removal of
the organic binder) and @ sintering step. At high temperatures hot pressing is nearly the only method of
shaping ceramics. Very high temperatures are employed (1700 °C for Si3N4 and above 2100 °C for SiC)

but the pressure is relatively low owing to limitations set by the strength of the graphite dies. Under
these conditions the flow properties of the ceramic powder are only marginal, so complex parts cannot be
produced in this way,
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7.3 Requirements for ceramics for gas turbine applications

Figures 26 and 27 show the strength versus temperature relationships of the types of ceramics dis-
cussed above. The same figures also contain the design stress/temperature requirements for vanes, blades,
combustors, shrouds and thermal barrier coating appli:ations for a generic helicopter or limited life
engine with a turbine inlet temperature of 1200-1370 ‘C {86,91].

In order to compare the 4-point modulus of rupture (M.R)-strength of the ceramics with the design stresses
noted for the engine components (these are principle tensile stresses) the tensile strength is (conserva-
tively) considered to be half of the MOR strength. Katz and Lenoe [86] show in their paper that nearly all
materials (except one of the RBSN types) satisfy the basic strength requirement for vanes. However, HPSN
js not suitable because of its inability to be near net shaped, thus use of HPSN will Tead to very high
machining costs. Furthermore SiC-ceramics containing free Si are also not acceptable because they cannot
withstand occasional overtemperatures, if above the melting point of Si. A similar approach for selection
of candidate rotor blade materials results in the conclusion that presently only HPSN or HP-SiC are
suitable blade materials based on the strength requirements for the dovetail section. Of course machining
of blades out of a hot pressed Si3N4- or SiC-preforin will be very expensive although significant progress

in cost reduction seems possible [92]. If the strergth of some sintered SisN4 and SiC materials could be

further increased by about 25-50 % then these would be attractive alternatives.

Apart from short term strength requirements time dependent properties should also be considered. Creep
and oxidation will further 1imit material suitability. Strength is seriously affected during high tempera-
ture exposure. Although not very many creep data exist, some have been incorporated in table 5 and figure
26. The data show the large reduction in strength of HPSN under creep exposure which makes it unattractive
as a blade material. Nevertheless, ceramics offer considerable improvement in creep strength over super-
alloys (fig. 28 [911). Oxidation behaviour may also limit the applicability of some ceramics. A 4000 hr
life requirement for turbine vanes would e.g. rule out RBSN as a candidate material.

A most important aspect of ceramic materials, their inability to deform plastically and therefore to
smooth out high local stresses, makes them very vulnerablie to failure. Failure may occur due to the
presence of all kinds of internal or external (surface) defects. Failure may also occur owing to unfor-
giving high design stress concentrations, imperfect surface fits (e.g. blades in a disc) or thermally in-
duced stresses. In a proper design the latter problems may eventually be overcome: components can be geo-
metrically designed such that thermal and mechanical stress concentrations are brought back to an accep-

table level and the use of compliant layers at ceramic interfaces may help in the reduction of peak stresses.

However, there still remains the probabilistic nature of the mate. ial failure mechanism which often re-
sults in an extreme strength variability. Th s is illustrated in figure 29 [93] showing the materials
probability of failure as a function of surface stress. This probability is a function of e.g. the flaw
distribution in a component and is therefore dependent on size. The slope of the line, given by the Weibull
modulus m, determines the strength variability. The higher the Weibull modulus m the smaller the strength
variability, hence resulting in a higher acceptable stress at a given probability of fzilure, e.g. 0.1 %.
The combination of the failure probability curve for test specimens, which is only valid for the particular
flaw distribution in the test specimens, the real flaw distribution in a component and the stress distri-
bution in a component determine the probability of success for that component. Therefore knowledge of these
characteristics is essential in the design of a ceramic component: this is a very difficult problem.

7.4 Actual ceramic component development

Many papers presented at the meeting [84] described the actual development and testing of engine
components such as vanes, blades and combustors. It has been shown that these components can be fabricated
out of ceramics and some were tested with reasonable success. In the framework of this paper it is im-
possible to deal with all the often very interesting aspects concerning component development and testing.
However, some general comments will be made. For the rotor several concepts are possible:

- a metal disc/ceramic blading concept, see e.g. [92,93). In this case HPSN blades were inserted in a
supecalloy metal disc using Pt-compliant layers between the blades and the disc, or the blades were
attached to the disc by hot isothermal forging [92].

- a duo-density design concept, consisting of a HPSN rotor hub and an RBSN blade ring [94). The rotor hub
is simultaneously densified and diffusion bonded by hot pressing to the blade ring.

- an all HPSN-rotor, machined out of a HPSN billet [95].

- an innovative compression loaded rotor [96] consisting of an RBSN rotor blade ring surrounded by a
cooled band of carbon fibre reinforced epoxy.

Developmental work was also performed on vanes or nozzle segments using HPSN and HP-SiC [971, or RBSN,
SSN, RS-SiC and S-SiC [98). The latter study impressively showed how component stresses can be reduced by
several factors by design optimisation.

Because present NDI techniques seem not to be able to sort out and reject parts on the low end of the
statistical strength distribution, proof tests are considered as vital classification tools for ceramic
components. If the proof test stress level is chosen high enough than this will greatly decrease the sta-
tistical failure probability in service. Of course an economic balance should be made between the number of
parts rejected by a proof test and the probability of a service failure.

In conclusion it may be stated that for future application of ceramics improved strength properties
and especially long term stability are needed. To cbtain reliable data for engine usage testing should be
performed under realistic conditions. Furthermore aew, improved processes for manufacturing of complex
components are a necessity, as well as reliable techniques for part qualification. Another important
aspect is the introduction and optimisation of brittle material design. Such new design approaches are
really necessary for a reliable introduction of ceramics. The most likely future applications are to be
sought firstly in the areas of automotive, truck and industrial gas turbines and in the area of unmanned
aerospace vehicles.
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8.  MAINTENANCE AND REPAIR OF ENGINE COMPONENTS

8.1 Introduction

Modern maintenance of aircraft gas turbines is becoming extremely complex. It requires detailed
knowledge of very different materials (A1, Ti, steels, superalloys), chemical processes for e.g. cleaning
and plating, NDI procedures and their backgrounds (reliability, confidence), insight in service history,
component tracking systems, life prediction methods and engine testing, as well as many other aspects.
Furthermore it requires detailed knowledge about all sorts of repair processes. Some of the above mentioned
aspecEs were addressed during the 1981 Specialists Meeting on "Maintenance in service of high temperature
parts® [99].

In the first instance general maintenance procedures for military [100] and civil aero engines [101]1 were
discussed. Present maintenance concepts are often a mixture of life on condition maintenance and a fixed
1ife philosophy. During on condition maintenance a part is replaced depending on its physical condition,
cervice history and risk potential with respect to aircraft integrity. In the fixed 1ife philosophy the
design prescribes a maximum service 1ife (mostly indicated in cycles) which may not be exceéded and after
which the component should be retired. The particular concept used in practice is often dependent upon
the type of component or the particular engine type: a disc is normally a lifed component whereas a com-
bustion liner is maintained on condition. The degree to which the on condition philosophy can be applied
to e.g. rotating components depends on the type of service monitoring equipment which is available and

hence on the accuracy with which the real component history can be deduced. This will be discussed iater
in this section.

8.2 Repair

Several papers dealt with the subject of life extension of components via the repair route. Weld
repair of combustion chambers, ducting, seals, vanes and even blades (blade tips) is now common practice.
Undersized components (because of wear) are again brought to design dimensions by welding or plasma
spraying. A r2latively new development is the application of repair brazing techniques such as "diffusion
healing". This technique enables a homogeneous structure to be obtained and also that broad gaps and
cracks with a width of approximately 1 mm can be repaired, which would not be possible by conventional
brazing. The technique involves in its most simple form iso.hermal solidification of the braze joint and a
subsequent diffusion heat treatment for homogenisation, cee figure 30 [102]. For bridging broad gaps the
technique is adapted by the addition of superalloy powder to the low melting point braze filler metal.
These techniques have clear advantages over other repair techniques like welding because no thermal
gradients and hence thermal stresses develop in the component, thereby preventing the occurrence of
weld-induced cracking.

Rejuvenation of turbine parts by hot isostatic pressing (HIP) was shown by some authors [103-106] to be a
a major possibility for life extension. During the HIP-treatment service induced creep damage (e.g. voids
or even internal cracks) may be healed (fig. 31 [105]) and additionally the heat treatment may regenerate
the material microstructure and thus reverse microstructural degradation occurring in service. It was con-
cluded {107], however, that the most important problem still is the selection of a suitable heat treatment
cycle for each individual alloy, because temperature has a marked effect on the dissolution of the y'-
phase and other precipitates and on grain coarsening. Also the cooling rate at the end of the HIP-presess
1tself or Curing reheat treatment cycles is a major factor. A more fundamental knowledge of the combined
effﬁct]of heat and pressure seems to be recessary to gain the full potential from this very promising
technology.

The applicati.n of coatings will also result in considerable 1ife extension of turbine components.

Hauser et al. [108) presented rcsults on the effect of coatings on the mechanical properties of super-
alloys. Furthermore some comparative data were presented on coating performance on Ni-base superalloys
with respect to hot corrosion, LCF and HCF and stress rupture {109].

8.3 Disc lifing concepts

One of the most intecesting and basically new areas in aero engine maintenance is the introductiun of
damage tolerance (= retirement for cause = life on condition) concepts for critical rotating parts like
discs. Present 1ifing methods are still based on the so-called. safe-1ife approach. The LCF 1ife, after
which a disc is retired from service, is in that approach defined as the life after which a 1/32 inch sur-
face crack has developed with a statistical probability of 1 in every 1000 discs. In practice this means
that 999 out of every 1000 discs are rejected although considerable service Yife may still be left. This
is clearly shown in the paper of Harris et al. [110) in which remaining life times were calculated for
these 999 discs after the LCF 1ife was reached, see figure 32. When the damage tolerance approach is
applied then only those discs are withdrawn from service which actually have a life limiting crack instead
of the statistical prebability of a crack, see figure 33. Such an approach of course offers from economic
and material conservation considerations a considerable improvement over the present safe-1ife philosophy.

However, there are some basic requirements before the damage tolerance “ifing approach can be successfully
incorporated:

1. The operational loading history of discs should be very well known.
2. Material crack growth data should be available for the appropriate loading conditions.

3. NDI or other techniques should be available which can reliably detect cracks down to a certain minimum
size (sometimes as low as 0.1 m!).

Jeal (111] als ~ddressed this subject Lut more specifically emphasized the need for improved 1ifing pro-
cedures. Presen iscs are so highly loaded that even with current NDI standards undetectable defects can
be malignant in . me cases. Improved 1ifing procedures have been developed for various stages in the total
life: crack nucleation, crack growth to grain size and large crack growth. Such an approach requires an
enormous amount of information on initial defect size, type and orientation and on capabilities of NDI
techniques for detection of such defects. Further it requires knowledge about behaviour of these defects
in th2 very early, microstructure related stage of life. If adopted fully, such an apprrach should be able
to lead also to the introduction of a damage tolerance concept for disc life extension.
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An interesting aspect with respect to disc 1ife extension, apart from the applicatiocn of the damage
tolerance approach, is the use of de-rated take off procedures by civil airlines [1011. Such de-rated take
offs should result in a longer safe (LCF) life for discs. However, it did not become clear whether such
life extension methods are already implemented and supported by the engine manufacturers and approved by
the aviation authorities.
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9.  CONCLUSIONS

In overviewing the 1972-1982 period it may be concluded that aspects related with 1ife prediction and
life extension of gas turbine engine components received most attention in the AGARD Structures and
Materials Panel activities. The various life prediction methods when dealing with low cyclie fatigue were
reviewed. A most interesting new development is the introduction of damage tolerance 1ifing concepts for
engine parts. This is a considerable step forward with respect to the conventional safe-1ife philosophy.
Attractive other areas also got serious ittention. Powder metallurgy and hot isostatic pressing have been
introduced and will further be developed to gain their full potential benefits for material quality im-
provements and reduction of materials processing costs.
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Table 1
Hot corrosion ranking of some Ni-base alloys

3 l Alloy Cr-percentage

o B 1900 8

g IN 100 10

s Nimonic 100 11

: 8 N3¢ 12.5

o § Udimet 700 15

= % Nimonic 105 15

25 INT738 16

% £ Nimonic 99 20

P Udimet 500 19

§ l Waspaloy, Hastelloy, 19.5/22/20/22.5

(ol

Nimonic 80 A, IN 939
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Table 2
Comparison of properties between 2resent superalioys and more promising DS eutectics [21-24]
Alloy v'-8 y/y'-8 Co-TaC Ni-TaC MarM200 MarM302
composition Ni-23.1Nb- | Ni-19.7Nb- Co-20Cr- Ni-20C0-10Cr- | Ni-9Cr-10Co-| Co-21Cr-
4.4A1 6.0Cr-2.5A1 | 10Ni-12.7Ta- | v'-Tac 12.54-1Nb 10W-9Ta
0.75 C
second phase and _ _
volume percentage 44 37 16 10
°y* 1020 1190 950 1300 840 700
25°
ou* 1230 1230 1090 1610 945 945
o, 870 950 700 915 810 360
Y 816 °¢
! ou* 900 970 700 985 905 520
i
t endurance 1imit* 690 450 275
1 107 cycles, 25 °C
fracture 25 °C 0.5-0.8 2.9-5 29 11.2 7 2
; strain(%) 816 °C 5.8-8.4 5.1-10.5 7.1 10.8 3.6 9.5
density (10° kg/m°) 8.5 8.5 9 8.53 9.21
solidus temp. (°C) 1280 1244 1365 1315 1315
thermal expansion
coefficient; mean 13.2 14.4 14.7 15.85 15.68
value 20-910 °C
(10/°¢)
appr. thermal
expansion mismatch 1.6 6.1 9.9 8.1 - -
&
(107°/°¢C)
‘ 14.7 14.0 18.7
; themal 3t 20°C 13.5
' conductivity o 20.6 23.9 24.2
(N/m OK) at 930 C 20.0

* A1l strength values indicated in MN/m2

Table 3
Coefficients for high-temperature fatigue equations for several materials [38]
A 286 -

3IF Tvacuum AIST 409 AIST 304 AISI 316 AISI 348 Udimet 500
teTEerat"re 595 | 595 427 650 816 650 816 650 816 816
A (MN/mZ) 308 476 86 156 47 149 68 105 61 111
g' 0.12 0.16 0.052 0.187 0.094 0.143 0.117 0.102 0.131 0.132
kl' 2 0.045 | 0.12 0.007 0.089 0.071 0.074 0.091 0.038 0.127 0.075
AT (MN/m") 295 632 81 148 44 184 65 126 74 359
n 0.122 | 0.35 0.064 0.258 0.105 0.24 0.151 0.191 0.224 0.185
k1 0.0026] 0.116 0.0013 0.053 0.053 0.052 0.079 0.015 0.115 0.057
C2 1.32 0.37 2.65 1.108 1.72 0.354 1.081 0.382 0.365 0.0736
k 0.65 0.99 0.889 0.81 0.81 0.86 0.90 0.77 0.92 0.864

B 1., 2, |9:97 0.44 0.831 0.707 | 0.87 0.57 0.74 0.527 | 0.56 0.712
E (10" N/m") [ 17.3 17.3 18.7 14.9 13.0 15.1 12.7 15.0 13.1 17.3

A= AC" B =g kj = -8n(k-1) + k;
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Table 4
Powder Production Processes [60,61]
start material J powder properties
atomisationj melting]|present material
process method type| form quantity] atmosphere | rate |capacity|size |mean|tap conta- |utilisation
kg kg/min 103kg/ range|size [density mination
year pym | pm | % %
Electron jcentrifugal electrodes Vacuum 20
Beam atomisation| . |50mm dia. 50- 0] - C from 78-85
Rotating |of rotating Ti 1200m long 2 10°4 torr 0.5 7 1000 bouncing| (spheres
Electrode [electrode sheet <1000 um)
(EBRE)
Rotating |centrifugal electrodes
Electrode|atomisation| ;. |62mm dia. ~ _ 100/ 50- | 225| 65 |W of
Process {of rotating n 1.5m long 35 He ~1atm machine [500 cathode 85-95
(REP) electrode
Electron {centrifugal electrgge
Beam atomisation| .. jup to 150 - 50- - - -
Rotating |from rota- Ti 1o dia. 64 | Vacuum 1-2 - 700 60 70-85
Disc ting disc 800mm long
(EBRD)
Centri- |centrifugal electrode
fugal atomisation i [P to 76mm 12 He/A 1 1-3 50- |300- 65 - 30-60
Shot from dia. 600mm i-latm 1000 |400 (spherical
Casting [rotating long fraction)
(¢sc) crucible
Argon atomisation vacuum ceramics
el e L Ml N o e - s 5500l - | Sleo hTer |(5180 or
by argon um) [nozzle; 180 um)
Jets 02+A
Vacuum exposure of vacuum ceramics
atomi- super- . | induction Vacuum/ ., 10~ | 60- {of cru-
sation |[saturated | M |meit 200 H, 100, [>150 |1-200} g, 65 [cible/ -
solution of nozzle;
H2 in melt 02 from
to vacuum wall
Table 5
Physical and mechanical properties of various ceramic materials
Thermal characteristics . o
. Hog:lusiof ;?pturel v b ) thermal . t:ennal 300 hr thermal
ype -point flexural| Young's therma conductivity shock stress shock K
RefJ density strength) modulus hardness expansion| W/m °C parameser rupture |resistance ke
3 3 MN/m2 GN/mz kg/nnF P at 500°C | strength ¢ 32
10°kg/e” [ RT_T1000°C11400°C | 10°°/°C * 1500°C11200°C H/n at 1200°C °C MN/m
HPSK 90 3.2 690 310 2500-3500| 3.2 17.5 | 14 12,000 750 5.8
HPSN NC-132 86 690 | 620 275 320 3.0 30-15 245
RBSN 90 2.6 240 220 900-1000| 3.2 15 14.2 5,500 460
RBSN NC-350 |86 2.45 (210 ] 350 370 168 2.8 6-3 345
SSH 86 660 | 590 255 280 3.2 28-12
STAION 90 3.2 550 304 2500-3500{ 3.2 15.3 | 11.5 8,500 320(KP) 1-6
STAION 89 [3.1-3.2 }400- ggg- 150- 510(sint)
500 225
HP-SiC NC-203 | 86 655 | 585 520 450 4.5 85-35 410 } s
- 85 3.2 550 | 550 450 4?79 4.6
RS-SiC NC-435 | 86 380 | 415 |<275 350 4.4 100-50 315
§§'§:E Refel gg g.l 525 0 ;ég 3000 4.2 83.6 | 38.9 |25,000 305
- J7 250 | 25 250 4.
RS-SiC(Si-1mp)| 85 3.1 400 { 500 250 360 4.3
S-SiC io; 86 310 | 310 310 410 4.8 100-50 280
S-SiC (8 86 440 | 520 470
$-SiC 85 3.0 500 | 450 400 400 4.6

* no temperature interval indicated
**  data from reference [89), reported values not specified within each class
**»  data from references {86] and {89),
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MATERIALS

GAS TURBINE
TECHNOLOGY

® PERFORMANCE AND
DESIGN REQUIREMENTS
SSAFETY
*DURABILITY

TECHNOLOGY

©ENVIRONMENTAL CONDITIONS MATERIAL SELECTION PARAMETERS

@ PROCESSING | @ PHYSICAL AND CHEMICAL | ® INSPECTABILITY
® DESIGN CONCEPT OR ‘ PROPERTIES
REDESIGN .
@ FABRICAT'ON | ® MECHANICAL PROPERTIES [ ® MAINTENANCE
AND JOINING INCLUDING LIFE AND REPAIR
ASSESSMENT
" *SAFE-LIFE “
MATERIALS ¢ MATERIALS + *DAMAGE TOLERANCE
ADEQUATE VEVELOPMENT

® TRADE STUDIES AND FINAL
DESIGN/REDESIGN SELECTION

. PRooucno;l } i :

® SERVICE OPERATION AND -
EVENTUAL RETIREMENT ® LIFE iﬁg?g:ssMENT
*SAFE-LIFE
*FOR CAUSE (DAMAGE “ CHANGES IN
TOLERANCE APPROACH) MAINTENANCE AND REPAIR

Fig. 1 An illustration of the relationships between gas turbine engine technology and materials
technology
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— [ CYCLIC OXIDATION
MILITARY W// 2L 1200°C~1 ATM. AIR
1000 - SPECIFICATION /)
MiL-E- I 5
17341¢
(SHIPS)
95% OF TIME / _ 7D Nicr
900 7
temeerature | | A XA N V7 PN T T T T
{°)
800 APV TR
Na AS NS0, Ni-20Cr-1Sc
12 (NO CONVERSION) .
Ni-20Cr
$100 (COMPLETE
! CONVERSION)
700 - ‘ L2l e 8 ] 1 1 ] 1 1 i 1 ]
0.001 0.005 0.02 0.05 0.1 05 1 2 0 10 20 30 40
CONCENTRATION OF SEASALT IN INTAKE AIR (ppm) TIME (hours)

Fig. 3 Dewpoint of NapSO4 as a function of seasalt Fig. 4 Cyclic oxidation results for
concentration and pressure. Ni-20Cr, TD NiCr (Ni-22Cr-2ThOp)
N.B.: For each pressure two bands are indicated. and Ni-20Cr-1Sc in air at
The upper band represents the dewpoint curve in the 1200°C (2 hr . cycles) [17]

case of complete conversion of NaCl to NapSO4 [3]
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Figure 5b

Fig. 5 Microstructures of DS eutectic alloys;
a) Lamellar y'-& (NizAl-Nighb) [19]

b) Fibrous NiCo-NbC eutectic [20]
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_ —— —— MAR-M200D.S.
--—-MAR-M2000s. | . TRW-NASA VIA
----- TRW-NASA VIA
600 ]
1800 — ,~(Co, Cr, A=(Cr, ColyCy o~ Ni=20Co-10Cr=~3A1-TaC
1500 ,~Ni~2000-10Cr—3AI~TaC AGE HARDENED 400 ~NigAl-Nighb, 75
_~INi, G, A /Nigb, y17'-5 ’
1400 3 = (Ni,Cr, AN/
uLTiMate 1200 [ 200 /¢, g0 (Nighlh-Night, /=0
TENSILE 1000 |= ;
STRENGTH 800 (SJ:: ,i..szs) (2(::’:7;;33 C0-20Cr—10Ni-TaC
(MN/m?)
. 600 1001~
S 80 |-
e 400 -
< 200 - (Co, Cr, All~(C, Coly 3~ B0 1= (co,or, A-(er Coy
: 50 CM/HR
0 200 400 600 800 1000 1200 42 46 50 54 58 62
TEMPERATURE (°C) T (20 +1og )x10~3 (T-OR, t-hr)

Fig. 6 Ultimate tensile strength versus temperature Fig. 7 Stress-rupture comparison of euteccic alloys
for eutectic alloys and two superalloys [21] and two superalloys [21].
For some alloys the growth rate during
solidification is indicated
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Fig. 9 Figures illustrating Manson-Coffin relationship (fig. 9a) and universal slope method (fig. 9b) [35]
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Fig. 10 Comparison of test data and predicted Fig. 11 Life curves of AISI 304 at 650°C showing
1ife, based on Coffins frequency frequency independence at very low and very
modified life relation [39] high frequency [40]
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Fig. 12 Time and Cycle Fraction Method [35] Fig. 13 Schematic plot illustrating construction of

constant damage lines in terms of remaining
life for different stresses [44]
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Fig. 14 The four generic types of strainranges
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Fig. 18 Relationships for determining 1ife when two or more strainrange components are
present [42]
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Fig. 19 Method of partitioning using real-time hysteresis loop and rapid-cycling hystorasis loop
between same stress limits. Data for 316 stainless steel tested at 8159C, Ae, =0.0047,
X triangular strain waveform [42] "
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Fig. 20 Two powder production processes; left REP-process, right vacuum atomization process
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Fig. 21 Comparison of manufacturing methods of René& 95 disk [62]
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Fig. 26 Flexural strength of silicon nitride materials versus required strengths for blades,
vanes and other components [86, 913; some 300 hr stress rupture data points are also
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Fig. 27 Flexural strength of silicon carbide materials versus required strengths for blades,

vanes and other components [86, 91]
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N £RAZE FILLER METAL APPLICATION
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CONDITION ‘A’: NORMAL CREEP TEST TO FAILURE (F)
8 |- | CONDITION ‘B’: PARTIAL CREEP TEST TO INTERRUPTION {+)
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Fig. 31 Effect of hipping on creep behaviour of IN738LC in test
stopped in tertiary creep prior to rupture at 170 MPa LI AT IN
i~ and 850°C [105] T
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Fig. 32 Remaining lifetimes of discs (after LCF 1ife has been
reached) in the current safe-life approach [110]
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Fig. 33 Schematic of damage tolerance 1ifing approach
ac=critica1 crack size

am=maximum allowable crack size in service
a= ¢rack detection limit
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DISCUSSION
P.Ramette, Fr
Sintered ceramics (silicon carbide) yield stress is higher in compression than tension. Can this property be used in turbine
engines?
Author’s Reply

Indeed, because ceramics show very good compressive strength, one could think about the development of compression
loaded rotors. In my paper I have referred to a very interesting German study in that field (96). Furthermore, I can refer to
a French study, which is also of particular interest, see reference (84), pages 4/1—13.

P.Ramette, Fr
Did the SMP consider composite ceramics in gas turbine engines?

Author’s Reply
Ceramic composite materials may offer a potential for improved toughness, high-temperature strength and oxidation
resistance. However, the development of these types of materials is only in a very exploratory stage. At the time of the
conference (1979) nearly no information existed on these materials and even nowadays information is only limited. In this
respect, [ would like to refer to a National Materials Advisory Board Report, NMAB — 376, 1981.

R.Tadros, Ca
In your discussion on material applicability at high temperature you made a statement that ceramic has been considered
after the Eutectic material. Can I ask why you have not considered other materials, for example, single crystal?

Author’s Reply
I have only addressed he subject of ceramics because this was the main subject of an AGARD sMP specialists’ Meceting in
Cologne, in 1979. I agree with you that single crystals have a much higher short-term probability of being incorporated in
aircraft engines than ceramics. In fact single crystals are now already being used in advanced engines. However, the topic of
single crystals was not addiessed in great detail during the 10-year period which I rev.cwed and therefore was outside the
scope of the paper. This is somewhat unfortunate.

R.Tadros, Ca
You have made a blunt statement saying that the Safe-Life Approach (SLA) for LCF life estimation should not be used and
the Damage Tolerance Approach (DTA) will definitely be the tool to be used. You have focussed on the point that when
using the safe-life approach we will be throwing away 999 components in each 1000 lot, therefore it is not cost efficient. I
am quite sure that the author realizes that the DTA is based on crack propagation data produced for a certain type of
crack, deviation or void, at a certain location and in a certain direction, which is not necessarily representative of actual
crack propagation in full-size components exposed to complex stress and temperature cyclic conditions. Unless more
representative data are developed and the NDT techniques are developed to identify cracks in the field with a high degree
of accuracy, and until one can identify clearly during inspection where.to look for cracks (10 locations or 1000 locations),
the DTA approach is not safe to use. Adding to that, using the DTA approach you have to control the da/dn curve, and
therefore lower stress in components and thereforc increasing weight in some cases. Do you know that the DTA approach
was not able to detect a crack of 6 inches long due to inability to locate its position? I don't want to sound negative about
the DTA approach, but such a statement made can be misleading in many respects. Besides, we are not throwing away 999
components for every 1000. Extensive component and residual life testing prove that large scatter exist in the lifing of
components, and that the SLA is sound, safe, and cost-effective.

Author’s Reply
Your last argument that a large scatter exists in the life of components is just the reason that the damage tolerance
approach has been developed and is considered as a means to much better usage of the real available life of a component
and to reduce the cost of ownership of engines. Of course, many problems still have to be overcome before the damage
tolerance approach can be fully implemented. Such problems are e.g. (as also stated in the paper) the development of
reliable crack detection techniques. As you are aware the USAF and your colleagues of Pratt & Whitney in West Palm
Beach are already implementing the damage tolerance approach for the F100 engine. In that case cracks of 0.1 mm should
be found with confidence (cryogenic proof tests!),

Furthermore, not only in the damage tolerance approach but also in case of the safe life philosophy you need to know
where cracks are likely to develop, otherwise you would base your life prediction approach on locations which are not
critical, leading to a higher risk potential in service. It is in fact to the credit of the DTA approach that it explicitly requires
the identification of critical areas: this is not the case with the safe life approach as it is currently approached.

A last point is that, with reference to the damage tolerance approach, the questioner stresses the importance of actual crack
propagation data in full size components exposed to complex stress and temperature cyclic conditions, However, the
generation of life data under actual operating conditions in full size components should be at least as important in the safe
life philosophy, whereas current practice shows that life data are mostly based on specimen testing,
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T.E.Farmer, US
Could you please briefly explain the difference between the an, field crack size limit versus the critical crack limit ac?

Author’s Reply
ac is the critical crack size at which the disc fails in service. a, is what I call the maximum allowable crack size in service. If
am is smaller than a. then this gives a kind of safety factor if one were to allow for only one inspection during the inspection
interval indicated in figure 33. In general, however, at least 2 NDI inspections are considered necessary between ag and am.
In that case the position of am below a. would represent an additional safety factor, which, however, is of secondary
importance to the concept of having at least two inspections.

G.Cailletaud, Fr
I would appreciate your comment on the applicability of the creep-fatigue rupture prediction methods that you have
presented, in the case of multi-axial, eventually out-of-phase loading.

Author’s Reply
The problem of multi-axial fatigue is a very complex one. A literature survey on this subject and some considerations
regarding multi-axial failure laws were presented in the paper of Krempl (see reference 47 of the paper).

G.Cailletaud, Fr
In my opinion, it is important to note that there exists some alternative methodology for these predic.ons: Continuum
Damage Mechanics has now been developing for at least 15 years and has showed its efficiency to predict the life of
specimens or components in complex creep fatigue operating conditions.

Author’s Reply
I am not sure what you mean by ‘Continuum Damage Mechanics’. However, I can say that fracture mechanics may be a tool
for lifing of components. In that casc we think about the crack propagation stage of life only. The crack nucleation phase
cannot be predicted by fracture mechanics. The present lifing procedures in the safe life philosophy account for the crack
nucleation phase and the phase of early crack formation until a ‘detectable’ crack has been developed.
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COMPARISON BETWEEN THE PROPERTIES OF CONVENTIONAL
WROUGHT AND POWDER METALLURGICAL ALLOYS FOR TURBINE
DISC APPLICATIONS

by
G.W. Konig
Materials Laboratory
MTU
8000 Munich 50
West Germany

SUMMARY

Mechanical properties of powder-metallurgical nickel-base superalloys (e.g. U700PM;
René 95) were evaluated in order to predict the behaviour of advanced aero-engine discs
in comparison with conventional wrought nickel-base (e.g. Waspaloy; IN 718) discs. The
assessment includes tensile strength, crack initiation and propagation fatigue life

as well as the influence of mean stress. Special emphasis was put on the question about
the scatter in fatigue lives resulting from defects in the material (e.g. oxide inclu-
sions) and on the surface (e.g. grooves). The tolerance with respect to these defects
was estimated on the basis of fracture mechanics methods.

1. INTRODUCTION

The development of advanced turbine engines with improveéd engine thrust and fuel
economy has increased the demand for turbine disc materials with improved strength
and fatigue properties at high temperatures.Pronounced segregation and limited
forgeability make it difficult to utilize conventional wrought nickel-base alloys
with high alloying content. One way to overcome these difficulties are powder
metallurgical (PM) alloys where prealloyeg)atomized superalloy powders are con-
solidated by hot isostatic pressing (HIP) which may be followed by forging.This
paper discusses some aspects related to the potential and the limitations of

PM nickel-base alloys for aero-engine disc applications.

2. TENSILE STRENGTH

Fig. 1 represents typical curves of the yield stress as a function of tempera-
ture for conventional wrought as well as PM alloys. From the diagram it is ob-
vious that the potential in tensile strength up to high temperatures of the PM
alloys (APl and René 95) is equal or superior compared with the two conventional
alloys (Waspaloy and IN718) which are in wide use today. Important microstruc-
tural features responsible for the higher strength are a larger amount of the
precipitation hardening phase ¥ ((Ni,(Al, Ti)) and a finer grain structure. Was-
paloy contains only about 20 volume percent of ¥ , while high-strength alloys such
as René 95 contain more than 50 volume percent.The fine grain structure {(compare
Fig. 2) of high-strength alloys usually leads to a rather homogeneous structure
and a small scatter in the monotonic tensile material data.

3. STRESS-STRAIN CHARACTERISTICS

The effect of the material strength on the cyclic stress-strain characteristics
can be observed by comparing the behaviour of Waspaloy and René 95 (Fig. 3) in
strain controlled tests (strain ratio R = £ 'n/ £ =0 ). For René 95 the
stress range follows the elastic straight linglup tgaﬁigh strain ranges and
the maximum stress curve is at a significantly higher level than for Waspaloy.
The consequence is an appreciible higher mean stress at a given imposed strain
range for the high-strength alloy.

4. CRACK INITIATION LIFE

The different mean stress characteristic 3§ also reflected in the crack initia-
tion life behaviour.It is generally found®’ that strain controlled smooth speci-
men tests yield superior fatigue properties with increasing material strength
(Fig. 4).The advantage decreases with decreasing fatigue life (i. e. at high
loads). At very short lives the ranking usually becomes reversed. Information
about the effect of mean stress on fatigue life can be obtained from a comparison
between the curves of strain ratio 0 (including tensile mean stress) and -1 (no
mean stress).Due to the larger mean stress the loss in fatigue life is much higher
for René 95 than for Waspaloy. In consequence, the advantage of high-strength
materials with respect to crack initiation life is somewhat diminished when ten-
sile mean stresses (which actually occur at critical sites of engine components
due to operating and residual stresses) are taken into account. High strength
alloys, on the other hand, have a large potential of improvement by producing
compressive residual stresses on purpose (for example by shot peening or cold
expansion of holes). Similar to strain controlled test data, improved fatigue
performance with increasing strength is also found in stress controlled tests
with smooth specimens (Fig. 5).
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7.1

CRACK PROPAGATION LIFE

Contrary to the crack initation behaviour, a completely diffsrgng)situation is
envisaged when the crack propagation behaviour is considered”’”’ (Fig. 6):At
high’ temperatures the crack propagation rate of high-strength alloys is signifi-
cantly higher compared with materials of less strength. One important reason

for this is the enhanced tendency to fast intergranular crack propagation when
the grain structure gets finer. This effect becomes even more pronounced when

the loading includes a dwell period. At lower temperatures and high loading fre-
quencies, on the other hand, the linear part of the crack propagation rate-stress
intensity curve of different nickel-base alloys is often found to fall into a
single scatter band.

In summary, high-strength nickel-base alloys offer clear advantages with respect
to monotonic tensile properties and to fatigue crack initiation life under stress
control as well as under strain control at low strain ranges, whereas there is

no advantage with respect to the fatigue life at high strain ranges and to the
crack propagation life.Since the useful life of most aircraft discs is limited

by fatigue, it is important for the assessment of disc alloys to know whether

the favourable .or detrimental effects are prevailing under service conditions.

FATIGUE LIFE AT HOLES

The most common feature to produce high strain ranges in discs are notches, such

as bolt holes, cooling holes or blade slots.A suitable way to obtain material

data for the behaviour of this type of notches are tests using specimens with

an internal hole. Fig. 7 shows that there is no appreciable difference in the
fatigue lives between nickel-base alloys -of different strengths. Though the statis-
tical basis of these measurements is too small to justify far-reaching conclu-
sions, the results suggest that the advantage of .high-strength alloys for notched
structures is less than for smooth structures under conditions when high local
strain in the notch root occurs.

EFFECT OF SMALL DEFECTS ON FATIGUE LIFE

INHERENT MATERIAL DEFECTS

An important source of high (local) strain range and reduced crack initiat§953)
life are small defef&f which may occur in thelg?terial (as from inclusions '
segregations, pores etc.) or on the rcurface (machining marks, scratches,
etch pits etc.). Fig. 8 shows as an exumple of inherent material defects a non-
metallic inclusion of about 200 micron: diameter in the neighbourhood of an ec-
centric hole of » model disc. The effect of the defect was a significant decrease
in the crack initiation life of the disc in a cyclic spin test and the shift

of the crack initiation site away from the more severely loaded root of the ec-
centric hole.

The development of modern PM-alloys has been successful in limiting the concen-~
tration of defects such as inclusions to a very low level. This is the reason

why the chance of getting information about the influence of inclusions on fati-
gue life by investigating a comparatively small volume of specimens and compo-
nents with standard material quality is rather limited. I, engineering practice,
however, the safety of a very large number (and hence volume) of components has
to be guaranteed. Due to the size effect the likelihood of failures at defects
increases with the volume. Thus the assessment of the risk caused by defects

at critical sites of components requires the knowledge of aj the type, concen-
tration, size and shape of all potentially harmful defects, and b) the effect

of these defects on the mechanical properties under service loading conditions.

An effective method to determine the effect of inclusions on fatigue life are
tests with specimens which are deliberately provided with defects. As an example,
Fig. 9 shows results of fatigue tests performed with PM-specimens which were
doped before hipping with nonmetallic inclusions of different types and sizes.

It is clearly visible that the inclusions result in a reduction of the fatigue
strength. The results refer to near-surface defects. Defects in the interior
were also found to decrease fatigue life but to a less degree.

One observation of these doping experiments was that at high-stress ranges inclu-
sions virtually eliminate the crack initiation stage such that the fatigue life
nearly coincides with the pure crack propagation life. Fig. 10 represents a frac-
ture mechanics simulation of the propagation behaviour of a crack with an initial
size and shape similar to the nonmetallic inclusion shown in the micrograph.

The life increment between two half-ellipses in the diagram is 1000 cycles. The
predicted crack propagation life is in good agreement with the total experimental
fatigue life. As demonstrated in Fig. 11, the strain-life curve of a doped PM-
alloy can be fairly.well predicted by the crack propagation life curve obtained
from fracture mechanics. It is important for economical reasons that the detrimen-
tal effect of defects is significant only when a certain minimum size is exceeded.
This minimum size depends on the ma;erial and on the loading conditions and can
be estimated by fracture mechanics”’.
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SURFACE DEFECTS

An important origin of small harmful defects are surface marks inadvertantly
produced by machining or handling. The effect of a small groove on the fatigue
life of a turbine disc is illustrated by the following case history. A turbine
disc of the PM-alloy U 700 was tested in a laboratory cyelic spin test until
bursting occurred after 3100 cycles. The experimental lite was less than one-
third of the life predicted on the basis of smooth specimen material data. Fai-
lure analysis revealed that the f~ilure was due to a fatigue crack starting from
a groove in the disc bore (Fig. 12). The depth of the groove is about 35 microns.
In order to evaluate the effect of grooves of this size fatigue tests were per-
formed@ using round bar specimens with a circumferential machining groove (Fig.
13). The tests were performed under conditions similar to the strain in the disc
bore during the cyclic spin test.The life of the grooved specimen was found to
be in good agreement with the disc life (Fig. 14). To investigate the influence
of the choice of the material similar tests were performed with alloys of differ-
ent strengths. As expected, the smooth specimen life which is dominated by the
crack initiation portion increases appreciably with growing yield stress. The
life of the grooved specimens, on the other hand, where the crack propagation
life range is prevailing, shows a much less influence of yield stress and even
tends to decrease when yield strength increases(Fig. 14).

SCATTER IN FATIGUE LIFE

The weak sensitivity of the crack propagation behaviour (excluding the range

of high temperatures and long dwell times where time-dependent processes become
important) and stro g sensitivity of crack initiation behaviour to material strength
has an important in.luence on the scatter in fatigue life. This is schematically
illustrated by the s:ress-life curves in Fig. 15. The diagram is based on the
assumption that the materials contain a defect population with a maximum defect
size of 0,1 mm. This maximum defect size roughly defines a single minimum life
curve for all alloys considered. The level of the upper limit of the scatter

band is strongly raised with increasing strength of the material leading to a
broadening of the scatter band. Fig. 16 shows an example of the large scatter
band found with the PM-alloy APl. It is important to note that the increase in
scatter of high~strength materials is primarily caused by an extension of the
scatter band to long lives while minimum life depends solely on the maximum de-
fect size. This is the reason why the treatment of the scatter by applying sym-
metrical distribution functions may lead to wrong conclusions. Fig. 17 shows

a statistical evaluation of LCF results in a logarithmic Gaussian plot. Though
all measured points of René 95 are to the right of those of MTS 1024, the extra-
polation to a small probability of failure gives preference to René 95. Actually,
the defect size and distribution in both alloys were about the same and so the
minimum life curves are also expected to be roughly the same.

USABLE LIFE

Most of the methods which are currently used for the design of engine discs are
based on a safe life approach, where the safe life is determined from a statis-
tical evaluation of the crack initiation behaviour in specimen and component
tests as well as from the experience in service. With increasing stress crack
propagation life becomes more and more important and the safe life is no longer
related to the crack initiation life determined with defect free test pieces

but primarily to mechanical laws governed by fggzg?fect structure and loading
conditions. This calls for new design methods as well as criteria for the
selection and development of materials based on fracture mechanics, defect toler-
ance and volume dependent failure propability.

The influence of the material production process on the minimum fatigue life

is due to the variations in type, size, shape and population of the resulting
defects. In this respect materials produced by hipping offer obvious advantages
because gross defects such as segregations or forging cracks ca.. be avoided.
Techniques such as water elutriation result in a very high purity level. By screen-
ing of the powders the maximum foreign particle size can be limited to diameters
which are well below 100 microns and a high standard of the homogeneity as well
as the fineness of the microstructure leads to increased capabilities to find
small defects by non destructive testing.

However, even if it would be possible to cope with the problem of detrimental
inherent material defects, the difficulty with inadvertant surface marks as life
limiting defects remains. Anyhow, the future progress in increasing the safe
live of disc materials will be decisively influenced by the maximum defect dia-
meter that can be warranted at critical sites of components.

An alternative approachzfoziife live design is the "life on condition" or "retire-
ment for cause" concept®™’ . According to this concept, components are kept

in service until a defect is indicated by non destructive testing. Under these
circumstances the useful life is given by the individual life of each component.
It is evident that this concept favours materials with long mean fatigue life

such as high-strength PM-alloys. High operating stresses, on the other hand,
result in short crack propagation lives and short critical crack lengths for
failure. The consequences are large expenditures for inspections. Thus there

is an optimum stress level, where the retirement for cause concept yields maximum
gain.
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10. CONCLUDING REMARKS
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The potential of advanced nickel-base superalloys with respect to static strength
and fatiqgue life is superior to that of currently used conventional wrought disc
materials. It has been shown that the most important requirement for the use

of this fatigue potential is a high quality standard which limits the maximum
size of defects both in the material and on the surface. The now available know-
ledge of the variables influencing the reliability of disc materials enables

an optimization to obtain improved service behaviour. Furthermore, the strength
and quality of materials as well as the manufacturing process can be fitted to
the requirements of each type of component.
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M.Y.Nazmy, Switzerland
[ would like to address the problem of crack propagation. Do you believe that it is legitimate to use crack propagation data,
obtamned by testing of CT specimens, to predict lives of components that have about 50 microns size inclusions or grooves.
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Author’s Reply
Itis well known that, at given stress intensity range, small defects and large cracks may behave quite differently. This is the
reason why fatigue tests were performed using specimens with small defects of technical relevant sizes located in the
wmterior (e.g., inclusions) or on the surface (e.g., graoves or ‘thumbnail’ cracks). The results of these tests were compared
with the fracture mechanics prediction based on CT-specimen data. It was found that there is a good agreement between
the crack propagation rate of CT-specimens and of small cracks larger than 100 microns. Below a crack depth of 100
microns the applied methods (potential drop, striation count) were unable to monitor the crack propagation rate. In these
cases the experimental life was compared with the predicted crack propagation life. It was aiways found that the
experimental life is about equal or larger (due to incubation processes) than the predicted life. Thus, fracture mechanics is
able to give a conservative estimate of the fatigue life of a defective component. These results refer to fine-grained (grain
size smaller than the defect size), high-strength nickel-base alloys and should not be extrapolated to coarse-grained
materials.
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RESISTANCE A LA PROPAGATION DE FISSURES DE L'ALLIAGE INCONEL 718

L. PORET (1) - J.Y. GUEDOU (1) - A. PINEAU (2)

(1) S.N.E.C.M.A. Laboratoire des Matériaux et Procédés - B.P. 81
91003 EVRY Cedex -~ FRANCE

(2) Ecole des Mines de PARIS - Centre des Matériaux - B.P. 87
91003 EVRY Cedex - FRANCE

RESUME

La résistance 38 la propagation de fissures a été étudiée sur diverses nuances
d'alliage INCONEL 718 3 haute température (550 - 650° C) en fatigue, fluage et fatigue-
fluage. Les essais ont été effectués sous vide et 3 l'air. Une sensibilité notable aux
effets de temps de maintien a &té& observée. Elle dépend de la microstructure de l'alliage
(distribution des carbures, taille et forme des grains, présence ou non de la phase B,
écrouissage) ainsi que des effets dus & l'oxydation. Les données de base relatives aux
vitesses de propagation ont été appliquées & un disque d'essai sur lequel un amorgage
prématuré a conduit & la propagation d'une fissure jusqu'a rupture. A partir d'un calcul
de contraintes par éléments finis, l'utilisation des courbes obtenues par essais sur
éprouvettes, dans des conditions représentatives des sollicitations de la piéce, a pecmis
de rendre compte des observations expérimentales (nombre de cycles de propagation déter-
minés par comptage de stries).

INTRODUCTION ET PRESENTATION DE L'ETUDE

Le premier souci des motoristes concernant les alliiages pour disques, est
d'améliorer leur tenue & l'amorgage des fissures provoquées par des sollicitations de
fatigue oligo-cyclique. Cela a conduit les métallurgistes & développer des nuances de
superalliages & base de nickel & haute limite d'élasticité, et dotées de caractéristiques
en fatigue oligocyclique élevées jusqu'a des températures de l'orxdre de 650° C. Alors que
de nouvelles nuances sont en voie de développement rapide, 1l'alliage forgé INCONEL 718
(NC 19 FeNb), mis au point depuis une vingtaine d'années, reste encore largement employé.
Le travail présenté dans cette &tude concerne précisément cet alliage.

La premiére partie est consacrée & 1l'étude expérimentale de la propagation des
fissures de fatigue 3 haute température (550° - 650° C) et 3 la présentation de résultats
récents concernant l'influence de la structure métallurgique de cet alliage. Dans cette
partie, nous avons rassemblé un grand nombre de résultats expérimentaux publiés dans la
littérature, en mettant plus particuliérement l'accent sur l'effet d'un temps de maintien
a4 650° C. On observe en effet, comme cela est illustré par la figure 1, que 1l'examen des
données publiées et rassemblées en (1) fait ressortir une "dispersion" treés importante.
Nous montrerons qu'une large partie de cette dispersion doit &tre attribuée & des effets
microstructuraux et & l'influence de 1l'environnement.

A cause de cette dispersion, le calcul de la propagation d'une fissure é&ventuelle
dans un disque se trouve entaché d'une forte incertitude. Nous montrerons cependant dans
la deuxiéme partie que ce calcul peut &tre mené avec une bonne précision a condition d'uti-
liser les courbes représentatives de la matidre employée pour une fabrication spécifique.
Cette illustration est faite 3 propos du calcul d'un disque d'essai.

1 - RESULTATS EXPERIMENTAUX

Comme nous l'avons indiqué précédemment, l'alliage base nickel INCONEL 718 a
fait l'objet de nombreuses études. Il a en particulier été largement caractérisé en pro-
pagation des fissures dans différentes conditions. La figure 1 regroupe les résultats de
la littérature recensé&s par A. PINEAU (1), concernant des essais de fissuration en fatigue
continue, d'une part 3 froid, d'autre part 3 650° C, température limite d'emploi de ce
matériau. Les résultats 3 la température ambiante présentent sans doute une certaine
dispersion, mais celle-ci est faible en comparaison des écarts relevés & chaud : pour une
valeur de AK comprise entre 20 et 40 Mpa vm, les vitesses de fissuration mesurées 3 650° C
peuvent varier de deux ordres de grandeur. Une telle imprécision apparaissant dans le
domaine d'emploi du matériau, mérite un examen approfondi afin de réduire les incertitudes
qui en résultent pour les calculs de fissuration sur pigce.

Cette dispersion des résultats, mise en é&vidence essentiellement 3 chaud, peut
etre imputable en premier lieu & des &carts dans la structure mé&tallurgijgue de 1l'alliage.
On constate en effet, dans les cas ol le matériau utilisé est décrit, que les différentes
études ont &té réalisées sur des microstructures non semblables. La taille de grain, la
répartition des précipités et des carbures en particulier, interviennent sur les caracté-
ristiques du matériau.

L'ainfluence de la microstructure a 8té &tudiée 3 partir d'essais réalisés sur trois
structures différentes obtenues dans unméme lot matidre, par des traitements thermomé&caniques
appropriés : une structure & grains fins (6 3 8 ASTM), une structure & gros grains (3 3 4 ASTM)
et une structure duplex & collier constituée de gros grains {3 3 4 ASTM) entourés de plus
petits (6 & 8 ASTM). Ces trois alliages, de méme compasition.chimiguie, prdsentent des carac-
téristiques de traction différentes comme l'indique le tableau I : la structure & grains
fins offre les caractéristiques les plus élevées, celle a gros grains les plus faibles.
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Les résultats de fissuration & 650° C (2) sont présentés sur la figure 2. La
figure 2.2 reproduit les résultats obtenus 3 l'air en fatigue continue (fréquence 20 hz)
et en fatigue-fluage (cycle trapezoidal 10 s -300s - 10 s). A fréquence &levée (20 hz),
les trois microstructures conduisent & des vitesses de fissuration sensiblement identiques.
Par contre, lorsqu'un temps de maintien (300 s) est superposé d charge maximale au cycle
lent de fatigue (cycle triangulaire 10 s -~ 10 s), la structure en collier pré&sente une
résistance 3 la propagation de fissures nettement meilleure. La structure 3 grains fins,
dont les caractéristigues de traction sont voisines de la précédente, conduit 3 des
vitesses de propagation supérieures de plus d'un ordre de grandeur. Par ailleurs, les
essais men&s sur des &prouvettes prélevées dans deux sens métallurgiques différents, font
apparaitre la sensibilité& des caractéristiques de fissuration 3 l'anisotropie du matériau.

Des écarts identiques entre les trois microstructures sont &galement observés
sur des essais de fluage pur (figure 2.b) réalisés 3 l'air.

La similitude entre les résultats de fatigue~fluage (10 s - 300 s - 10 s) et
ceux de fluage 3 650° C suggére qu'un temps de maintien long fait intervenir des mécanis-
mes essentillement contrdlés par le temps, du méme type que le fluage ou l'oxydation.
Lorsque les essais de fatigue-fluage sont conduits sous vide (5.107° Torr), cet effet de
microstructure disparait presque totalement (figure 2.c) et les vitesses de fissuration
mesurées diminuent considérablement, pour un méme type de chargement. Il apparait donc
nettement que l'environnement joue un rdle trés important dans la propagation des fissures
3 chaud du matériau. Cet effet se traduit par une fragilisation des joints de grains par
1'oxygeéne, ce qui conduit & des faciés de rupture intergranulaire.

La figure 3 présente, pour une valeur de AK fixée (20 MPa /m) les vitesses de
fissuration mesurées & deux températures pour des cyclages de période plus ou moins
longue, en fonction de cette période. Les données sont issues de résultats de la litté-
rature (1). On observe sur ce diagramme que 1l'accroissement des vitesses de fissuration
résultant d'un temps de maintien sous charge, s'accompagne du passage & un mode de fissu-
ration intergranulaire. La transition a lieu pour un cycle de 10 s 3 550° C, et elle
apparait avant 1 s & 650° C. De méme, l'augmentation des vitesses de fissuration est
beaucoup plus importante 3 650° C qu'd 550° C. Pour une période supérieure & 10 s, la
vitesse est sensiblement proportionnelle & la période, ce qui signifie que la propagation
des fissures dans ces conditions, est essentiellement régie par le temps.

Cet examen des données expérimentales fait clairement ressortir 1l'importance
des facteurs métallurgiques et de l'environnement. Par ailleurs, il montre &galement
la nécessité de prendre en compte l'influence de la période et du temps de maintien &
charge maximale.

2 - CALCUL DE LA FISSURATION DANS UNE PIECE ROMPUE EN ESSAIX

L'utilisation des données de base relatives aux vitesses de propagation est
illustrée par l'analyse de la rupture d'un disque d'essai et la simulation numéxique de
la fissuration (3).

2.1. Analyse de_ la rupture_d'un_disque_d'essai

Les résultats d'essais sur éprouvettes sont utilisés en premier lieu dans le
calcul de durée de vie des pidces. Toutefois, des essais au banc sur disque sont réalisés
pour reproduire des effets qui ne sont pas restitués sur éprouvettes :

. sollicitations d'un volume de matidre important, ce qui est particuliérement intéres-
sant dans les études de dispersion (métallurgie des poudres)

. représentativité des états de contraintes dans les disques (biaxialité, gradients
dans les zones & forte épaisseur...)

Un disque d'essai en INCONEL 718, de taille de grain movenne 30 3 50 um (6 ASTM),a subi
des cycles de fatigue oligocyclique & 550° C en fosse de survitesse. La variation des
contraintes est réalisée par cyclage des vitesses de rotation entre 1500 et 24700 tr/mn
(fig. 4). Ce disque est instrumenté de thermocouples soudés sur un dépdt de plasma et
démontésavant essai. Un contrdle périodique est prévu en cours d'essai. Le disque a effec-
tué 16160 cycles avant &clatement.

L'expertise a montré que la crique ayant conduit & la rupture s'est amorcée sous
une bande de plasma d'épaisseur insuffisante, a 1l'aplomb d'un point de soudure électrique
nécessaire au maintien des pontets métalliques qui assurent le cheminement des fils
d'instrumentation. La propagation s'est effectuée suivant un plan radial, comme le montre
la figure 5. Une analyse microfractographique de la cassure a mis en évidence plusieurs
zones semi~circulaires :

une zone directement affectée par la soudure (r <0.2 mm)

une zone dentritique oll le matériau fondu s'est resolidifié (0.2 <r <0.3 mm)

une zone affectée thermiquement, avec un faciés de rupture fragile (0.3 <r <0.36 mm)
la matrice

Les mesures de microdureté effectuées dans la zone endommagée (fig. 6) montrent
que les propriétés mécaniques du matériau sont affectées sur une profondeur de 0.8 mm
environ, qui est supérieured celle de la zone affectée thermiquement. -
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A partir de ces observations, il a &té tenté de reconstituer la fissuration du
disque. L'objet de cette estimation est d'établir la courbe qui relie le nombre de cycles
réalisés N & la profondeur de fissure a mesurée sur la pi2ce. La méthode consiste & corré-
ler les comptages de stries sur le disque et sur une éprouvette de type CT prélevée dans
le disque, soumise 3 un chargement similaire et avec laquelle une courbe de fissuration

da -
an (AK) a été tracée.

Les mesures d'interstries sur la cassure ont &té effectuées au microscope élec-
tronique & balayage. La courbe interstrie-profondeur fissurée i(x) présente une certaine
dispersion dans les premiers millimdtres de fissuration (fig. 7) : cela est 4@ & la dif-
ficuité de mesurer l'interstrie dans une zone trds perturbée proche du point de fusion.

Afin de corréler avec précision les mesures d'interstrie et la vitesse de pro-
pagation, une &prouvette de type CT a été prélevée dans le disque suivant un plan de pro-
pagation radial, 3 une distance de 1'alésage proche du rayon de la zone critique : cela
assure une structure trds proche de celle du disque dans la zone de propagation et on
peut estimer obtenir, dans ces conditions, une bonne caractérisation du matériau rompu.
Ce point est essentiel, comme nous l'avons souligné dans la premiére partie.

Le relevé de la distanced'interstrie sur &prouvette i (4K) ainsi que la courbe
de propagation %% (8K) permettent de déterminer (fig. 8) la vitesse de propagation ainsi
que le facteur d'intensité de contrainte pour chaque longueur de fissure a dans le disque
(a2 laquelle est assocife une distance d'interstrie i). Une intégration simple permet
ensuite de tracer la courbe reliant la profondeur moyenne de la fissure au nombre de cycles
subis par le disque (fig. 9). A cause de l'incertitude sur les mesures de distance entre
stries, deux courbes de fissuration extr&mes ont &té établies. Elles tendent vers une
valeur asymptotigue qui permet d'évaluer le nombre de cycles & rupture pour des profondeurs
de criques supérieures 38 mm. La valeur expérimentale (16160 cycles) se situe bien entre
les valeurs extrémes de 14000 et 18000 cycles correspondant aux deux estimations faites.

2.2. Simulation_numérique de_la_rupture

Le calcul vise 3 reconstituer la progression de la crique & travers le disque,
c'est-3-dire & déterminer la courbe N (a) précédemment &tablie de fagon empirique.

Le moddle de calcul utilise unbarreau équivalent dont les dimensions et la posi-
tion sont cohérentes avec la géométrie et la répartition des contraintes dans le disque.
Dans cet élément de volume, on fait propager une crique semi-elliptique. Le programme se
déroule de la maniére suivante :

1. Aprés définition des conditions initiales (taille de crique, barreau, chargement) ,
le facteur d'intensité de contrainte KI est calculé suivant les deux axes de l'ellipse
a et c.

2. Pour un incrément de longueur da appliquéd, une augmentation du nombre de cycles dN
est obtenue, ainsi qu'un accroissement de l'autre longueur dc de l'ellipse.

3. A partir de la nouvelle configuration de la crigque, un nouveau calcuvl de KI est effec-
tué et le processus est itéré jusgu'd la valeur KIC critique.

Le probléme de la détermination des conditions initiales est trés important.
Il consiste a définir le chargement, le barreau é&quivalent, la configuration initiale
de la crique ainsi que la formulation de KI appropriée au cas de calcul.

Le disque a &té modélisé en &léments finis axisymétriques & 3 ou 4 noeuds (fig.l0)
Un calcul élastique des contraintes suivant les 3 axes principaux (contraintes tangen-
tielle, axiale et radiale) a &té effectué (code SAMCEF développé par le L.T.A.S. de LIEGE).
Seule, la contrainte tangentielle gouverne l'ouverture des l&vres de la fissure en mode I.
Pour évaluer la redistribution des contraintes lorsque la fissure avance, des calculs suc-
cessifs sont réalisés pour des configurations &volutives de la crique. La discontinuité de
matidre qui en résulte est modélisée en annulant les termes de la matrice de HOOKE qui
déterminent la contrainte tangentielle : cette contrainte vaut 550 MPa en début de la pro-
pagation {(au point de soudure) et augmente jusqu'd 650 MPa lorsque la crique atteint 8mm.

Les dimensions du barreau équivalent, ainsi que sa position dans le disque,
doivent tenir compte de la localisation de la crigue et aussi de 1'homogénéité de la con-
trainte, ainsi que de la sensibilité de KI & la largeur du barreau. Une &tude compléte
de ces paramdtres (3) conduit 3 un barreau de 14 mm de largeur et 15 mm d'épaisseur pour
une crique de taille maximale 7 mm (fig. 11). En fin de propagation, un deuxiéme barreau
(longueur 80 mm et &paisseur 25 mm) est adopté (voir fig. 11) : & ce stade, le disque a
pratiquement consommé tout son potentiel, ce qui autorise & ne prendre en compte que la
géométrie du disque.

La configuration initiale de la crique est estimée d'aprés les observations
micrographiques. L'aspect fragile du facid@s de rupture dans la zone affectée thermiquement
suggdre que dans les premiers cycles de mise en charge, la plage de matiére détériorée
par le point de soudure a donn& naissance & une crique semi-circulaire de rayon 0.36 mm.
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Deux formulations de KI ont &té utilisses dans le calcul : g

la formule proposée par POPP et COLES (4) (5) avec des facteurs correctifs qui ne
tiennent pas compte de la géométrie du barreau

. la formulation de NEWMAN et RAJU (6) qui n'est valable que dans un domaine limité.

La 1loi de fissuration du matériau représentatif du disque a été déterminée sur
éprouvette (fig. 9). Pour tenir compte des limites inhérentes aux conditions initiales
sur la taille du barreau et la formulation de KI, le calcul de la propagation s'est déroulé
en 3 étapes :

1. Propagation dans le premier barreau d'une crique semi-circulaire (rayon
initial 0.36 mm) sous une contrainte de 550 MPa, avec application des deux formules de KI.

2. A partir d'une profondeur fissurée de 3.4 mm, la contrainte appliquée peut &tre de
550 MPa (contrainte i.itiale) ou 650 MPa si l'on considdre la redistribution de contrainte
évaluée aprds propagation. La formulation de NEWMAN n'est plus utilisée puisqu’on se situe
alors en dshors de son domaine de validité.

3. Au delad d'une longueur de crique de 7 mm, le deuxiéme barreau est adopté.

Les différentes combinaisons envisagées donnent les ré&sultats présentés dans le
tableau II. Ils se situent entre 82 et 103 % de la valeur expérimentale, ce qui est une
bonne précision. La valeur la plus proche du nombre de cycles réels est obtenue en utili-
sant la formulation de FEWMAN-RAJU, avec une contrainte non réactualisée. Les courbes N(a)
relatives & chaque stade de la fissuration montrent l'importance des premiers millimdtres
de la propagation : il apparait en effet que d'aprés le calcul, prés de 60 % de la durée
de vie du disque est consommé dans les deux premiers millimétres (fig. 12).

Cette analyse de la propagation d'une crique dans un disque d'essai montre
qu'avec l'utilisation des données matériau adéquates, le nombre de cycles 3§ rupture a &té
obtenu a moins de 15 $ de la valeur expérimentale. La simulation numérique a &galement
donné des résultats satisfaisants, puisqu'ils se situent & moins de 20 % de la ré&alité.

CONCLUSIONS

1. L'alliage base nickel INCONEL 718 posséde des propriété de résistance 3 la propaga-
tion de fissures qui dépendent considérablement de la microstructure du matériau. Ce phé-
noméne, mis en évidence essentiellement & chaud, est 1ié 3 un effet d'environnement qui
se traduit par une fragilisation des joints de grains lorsque les fissures se propagent -0
d ltair. =
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2. L'utilisation de données de base associée & un calcul sur un disque d'essai a cepen-
dant conduit & une bonne é&valuation du nombre de cycles correspondant 3 la propagation EOPRY
d'une fissure jusqu'a rupture de la piéce. Cette bonne concordance est liée en grande ! [ 3
partie au fait que les données réelles correspondant au matériau utilisé dans la fabrica- SR S her:
tion du disque, ont pu étre é&tablies.
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3. Le contrSle de la structure par figeage des opératinns industrielles (&laboration
du matériau, forgeage, traitement thermique) est & la ba.e de la garantie qui peut &tre
accord€e sur la durée de vie des piéces. e
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TABLEAU I

Température | Limite élas. Charge 3 Allongement &
Structure c° MPa rupture MPa rupture %
25 1240 1350 18
Duplex & collier
650 1000 1080 17
25 1145 1290 . 24
Gros grain 1
650 885 ! 960 17
25 1245 1415 24
Grain fin ’
650 990 1130 19
PROPRIETES EN TRACTION MONOTONE
TABLEAU II
POPP et COLES ' NEWMAN et RAJU
KI (premiére phase) (4) (5) (6)

Contrainte appliquée
(deuxieme et troisidme 550 650 550 650
phases) MPa

Nombre de cycles

calculés 14700 13350 16600 15250

N calculés/N effectués 0,90 0,82 1,03 0,95

RESULTATS DE LA SIMULATION NUMERIQUE
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d'interstrie de l'éprouvette CT dans le disque
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Fig. 10 : Maillage en éléments
finis du disque

Fig. 11 : Position des barreaux
équivalents

ol

N \.‘_"d‘: .)‘. b
; hYAYY :}", &7‘
Lo @]

h v
o
'r:!

.
.
afu oty ey




s

7-10

—

o~
ATy
A
"‘l
IS
Ty
)
»
23
O
2"a
»
|
LY
al

vvr.r‘
"V
K

v
LY}

e
)
<,
[y

Nombre gde cycles

N/103

courbes dg Propagation
détermingeg Par complage
d'interstrieg

Mt L LTV P,

Papp _ Colss

hadand R

Nowman Raju

profondeyr fissurdy
mm

Fig, 12 . Comparaison des courbeg de Propagation

déterminées
expérimentalement et par le calcul




7-11

DISCUSSION

Dr Bridges, UK
How did you obtain the different grain sizes in your INCO 718?

Author’s Reply
Annealing, in the first case. For the ring, it was a mixture of forging and annealing.

AK.XKoul, Ca
How did the speaker draw definite conclusions regarding the environmental effect and microstructure even though he kept
his AK costant for a given condition? Your K1 and K2 were changing, so how can you differentiate between the effect of
K1 and K2 that were changing, even though you kept a constant AK? And how could you conclude the effect was
environmental not microstructure?

Author’s Reply
In the present situation I think that the cracking is ruled by K1 and what we wanted to see was a crack curve for the exact
material that was to be used for the disk. You know that there is a certain amount of uncerta.nty betwen the interspacial
spacing measurement and the propagation velocity (this was shown on the Vu-graphs). This test was run at 550°C.

T.M.Edmunds, UK
Your final crack size, taking up 35% of the area, probably implied a K very much Iarger than the usual K. we would quote
for the alloy which is in line with our experience. Have you got an explanation for that?

Author’s Reply
No, I have not.
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CUMULATIVE DAMAGE MODELIRG OF
FATIGUE CRACK GROWTH

James M. Larsen and Theodore Nicholas
United States Air Force Wright Aeronautical Laboratories
AFWAL/MLLN, Wright-Patterson Air Porce Base, Ohio 45433 USA

SUMMARY

Life predictions of turbine engine structural components utilize fracture mech-
anics principles to determine fatique crack growth rates. FPatigque cracks grow uander
conditions of variable temperature, frequency, hold~time, stress ratio, and stress
level. At elevated temperatures, time-dependent material behavior can play a signi-
ficant role in the material behavior. Cumulative damage models must account for all
these variables as well as interaction effects. The earliest modeling involved
interaction schemes and, primarily, time-independent material behavior. More recent
work has focused on time-dependence and creep fatigue interaction effects. A review
of current modeling concepts and problems to be addressed is presented.

INTRODUCTION

During the past two decades drastic changes have occurred in the design criteria
and material property requirements for critical structural components in United States
Air Force gas turbine engines. In the 1960's, most critical components such as
turbine disks and spacers were life limited by the creep and stress rupture properties
of their materials. Less than one percent of all rotating components were 1life
limited by Low Cycle Fatigue (LCF). However, demands for improved performance of
advanced engines have led to design increases in component operating temperatures and
stresses, and the result has been a transition from creep to low cycle fatigue as the
dominant life limiting mechanism in the majority of rotating components. In fact, low
cycle fatigue has become the life limiting factor for turbine disks in over 75 percent
of designs.

Low cycle fatique, defined by the time required to initiate a crack, is a stoc~
hastic process having considerable variability. In order to provide a safe component
operating life, the conventional approach has been to use a lower bound on the mean
LCP life that is equivalent to & probability of 1/1000 of initiating a detectable
crack during the design lifetime of the component. In practice, all components are
removed from service after reaching this design lifetime, and this translates into 999
out of 1000 disks being retired from service which are still structurally sound. 1In
an attempt to utilize the remaining life of these 999 disks without sacrificing
structural safety, the United States Air Force is implementing a revised life manage-
ment philosophy termed Retirement-For-Cause (RFC) on some components in advanced
engines, Under RFC, components are to undergo periodic inspections and be returned to
service if no cracks larger than a specified size are detected. This procedure
requires two exacting technologies, The first is the ability to detect cracks larger
than a given "detectable size" with a high degree of reliability. The second is the
ability to predict crack growth rates accurately and to demonstrate that a crack of
the "detectable size” or smaller will not grow to a catastrophic size during one
inspection interval.

A capability to accurately predict crack growth in turbine components is also
required by the Engine Structural Integrity Program (ENSIP) currently being imple-
mented by the Aeronautical Systems Division of the United States Air Force. Whereas
Retirement-For-Cause is being applied to existing engines, ENSIP is a specification
for future engines that requires a damage tolerant Jdesign approach for all structure
critical components. Under this philosophy, flaws or defects must be assumed to exist
in the components at the time of production. Design calculations and component testing
must demonstrate that such defects will not grow to a catastrophic size within the
lifetime of the engine. Finally, the engine design community, in general, has recog-
nized the importance of fatigue in design and is conducting extensive evaluations of
fatique crack propagation rates in materials and components for advanced engines. 1In
this scenario, the ability to analytically predict crack growth under typical engine
operating conditions is a key technology. Crack propagation must be predicted under
variations of load amplitude, temperature, frequency, 1load ratio, sustained 1load
hold-time and sequence of loading. This paper attempts to define the key parameters
that influence crack growth in turbine components and to present a review of the
current capability for crack growth rate prediction for turbine engine materials., 1In
addition, some observations on crack growth behavior in some typical materials will be
presented.

FATIGUE SPECTRA

The fatigue spectra imposed on rotating components in an advanced gas turbine
engine contain load sequences which differ significantly from the high cycle aero-
dynamic loading common to airframes. The typical loading spectrum experienced by an
engine disk is characterized as low frequency stress cycling resulting primarily from
centrifugal forces associated with variations in engine speeds. In the hot section of
the engine the stress spectrum is complicated by the superposition of stresses pro-
duced by thermal cycling.
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The turbine engine fatigue spectra are defined by anticipated and actual aircraft
usage field data obtained from pilot interviews and event history recorders which have
been installed on selected advanced Air Force fighters to acquire real-time engine
operating data. The compilation and characterization of these raw data Jefine repre-
sentative engine usage for a variety of operational activities including aircraft
takeoff, ferry and refueling, bombing runs, maneuvers guided by Terrain Following
Radar (TFR), and combat under subsonic and supersonic conditions. Fig. 1 presents a
composite plot (Ref. 1) of the full range of operational activities that may occur
within a given sortie. Although no single mission would likely contain all of these
activities, the plot serves to illustrate the fact that rotating components in ad-
vanced engines experience a low frequency loading sequence which includes a mix of
fatigue and sustained load segments. A typical stress spectrum is shown in PFig. 2
(Ref. 1). The complete stress spectrum contains both mechanically and thermally
induced stresses. In elevated temperature components, the operating temperature also
varies as shown in Fig. 2 which represents a specific location on & cooled turbine
disk rim.

The problem of predicting fatigue crack growth under combined thermal and mech-
anical cycling is quite complex. While research is in progress to address this
general problem, the present approach most often taken is to model the complete
spectrum (combined mechanical and thermal stresses) and reduce the thermal spectrum to
a series of isothermal blocks. The typical stress spectrum can be broken down into
smaller segments that may be characterized in terms of fundamental parameters such as
cyclic frequency (F), stress ratio (R=¢_. /¢ : o is the applied stress), temper-
ature (T), and sustained load hold-time (B1%, ~ BXaadition to oredicting crack growth
as a function of these parameters, crack gg%wth modeling must also address synergistic
effects such as load sequence and amplitude variations. Creep-fatigue interactions
(combinations of fatigue cycles and hold times) and crack growth interactions caused
by overloads and underloads must be considered. The general problem of prediction of
cumulative damage fatigue crack growth is exceedingly complex, and analytical fatigue
nodels capable of predicting this complex behavior based on fundamental mechanisms are
not available. Thus, current cumulative damage predictive capabilities generally rely
on the empirical approach discussed in the following section.

ANALYTICAL MODELS

An analytical model of crack growth under gas turbine spectra must have the
capability to predict crack growth rate as a function of the primary variables and to
interpolate among a finite amount of experimental data. The typical approach involves
representing data as da/dN or da/dt (crack growth rate) as a function of AKX or K
(stress intensity) for each combination of variables (T, R, F, t_ ). Typical curves
exhibit a sigmoidal shape as shown in Fig. 3. A mathematical "description of the
sigmoidal shape is then introduced. The description can be a hyperbolic sine func-
tion, a combination of exponentials, or any other functional form which describes the
general shape of Fig. 3 in terms of a number of parameters. These parameters must
then be related to the test variables, either directly or indirectly, through addi-
tional functional forms., Variations in the test variables result in shifts of the
sigmoidal curve. The slope, inflection point, lower and upper asymptotes, and curv-
ature can all change with variations in the test variables while still retaining the
general sigmoidal shape. Each parameter in the mathematical model of the curve can be
related to one or more or all of the variables. The model should then have the
capability for describing data over a wide range of values of the test variables and
interpolating between those values. The application of the model requires a systematic
procedure to determine the functional relationships through some type of regression
analysis of experimental data. Two models which have been developed for this purpose
are described below. Both models will be applied to & limited data set to illustrate
the predictive capabilities over a range of test variables. Subsequently, a full
cumulative damage model that also considers synergistic crack growth variables will be
presented.

MSE Model

The Modified Sigmoidal Equation (MSE) was developed by General Electric Co. and
was used in an investigation to predict crack growth rates in alloy AF115 (Ref. 2).
The basic sigmoidal equation is expressed in the form

da/dN = exp (B) (8K/AK*)F (In (AK/K*))@(1n (8K /8K))P (1)

where da/dN is the crack growth rate per cycle and A K the stress intensity range,
The equation has the general sigmoidal shape of Pig. 3 with the lower asymptote A K

representing the threshold value of A K and the upper asymptote A K_ repregenting the
critical or maximum value of A K. The equation involves six parameté&rs, AK , AK_ , B,
P, Q, and D, each of which, in general, can be related to the 4 test variables f, R,
F, and t,,. The parameter B controls the vertical motion of the entire curve. The
parameteﬁ P provides control of the slope at the inflection point of the sigmoidal
curve, The vertical location of the inflection point is controlled by a combination
of B, P, and AK*. This three-way interaction makes it extremely difficult to express
the parameters of the MSE equation as a function of the test variables. To simplify
equation (1) so that the individual parameters can be related to the test variables,
alternate parameters are introduced. The purpose of the introduction is to work with
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terms which can be easily interpreted physically. These terms are able to describe
the vertical and horizontal location of the inflection point of the sigmoidal curve as
well as its vertical asymptotes; thus, they can be determined as functions of the test
variables. In the application of this model to experimental dJdata, equations were
developed relating the six parameters to the four test variables (Ref. 2). Predic-
tions were made of the crack growth rate in alloy AF115, an advanced nickel base
superalloy, over a temperature range from 538°C to 760°C, stress ratios from 0.1 to
0.9, frequencies from 0.025 to 2.5 Hz, and hold times up to 5 min. The material
behavior ranged from time and frequency independent at 538°C to very time and fre-
quency dependent at 760°C.

Data for alloy AFl115 at the intermediate test temperature of 649°C show that
over the range of frequencies tested (0.025 to 2.5 Hz) there is apparently no
variation in growth rate with frequency for a stress ratio of 0.1l. Data at R = 0.9,
however, show an increase in growth rate of two orders of magnitude when frequency is
decreased from 2.5 to 0.025 Hz. These data are discussed in detail later (See Fig.
18). Data for R = 0.1 and hold-times of 0, 90, and 300 seconds are shown in Fig., 4 at
the same temperature. A significant hold-time effect is apparent. From these and
other sets of data covering the range mentioned above including 27 test conditions
involving 43 tests, the functional relations between the six parameters and the four
test variables were established through multiple regression analyses and trial and
error. These relationships were limited to linear and power law forms and provide a
reasonable representation of the behavior of AFl115. These relations and the appro-
priate constants were incorporated into an interpolative computer code which provides
crack growth rate as a function of AK and the four test variables. An example of the
capability to regression experimental Jata is shown in Fig. 5 where the MSE equation
regression to the data of Fig. 4 is shown along with the original data. 1In general,
the extremely versatile MSE equation was capable of representing the data sets rea-
sonably well.

SINH Model

The hypertolic sine equation (SINH) was developed by Pratt and Whitney Aircraft
(Ref. 1, 3, 4, 5,) to interpolate crack growth rate data over a range of the four test
variables T, R, F, and tH‘ The equation is expressed in the form

log (da/dN) = C, SINH (C, (log &K + Cj)) +¢C (2)

4
which provides the basic sigmoidal shape and constants to vary the shape of the curve
and the position of the inflection point. The constant C, is a shape factor and is
normally set to 0.5 for many materials. C, is also a shap& factor. The constants C3
and €, control the horizontal and ver%ical location of the inflection point;
respec%ively. The four constants can be related, in general, to the four test
variables. In the development of the model and its subsequent application to several
materials, the following functional forms have been established and have been found to
be adequate to represent crack growth rate under a wide variety of conditions:

C, = constant (= 0.5)
Cy = a+ by log(1-R) + b, log (F) + b,T + b, log (tﬁ) (3)
C% = ¢ + d7 log(l-R) + d; log (F) + 45T + 4, log (ty)
o4 o & 2 3 4 H
3= e + £ 4

The twelve constants ( a, b,, b,s...) are determined from a least squares minimization
technique. 1 2

The SINH model was applied to a limited set of data for AF115 (Ref. 6). Data at
three frequencies and two hold times at 649°C were used to determine the constants at
R =0.1. The predictions and data for the three hold times are shown in Fig. 6. The
dashed curve represents regression results considering all data points. For the lower
data set, the right-most data point was found to be in error. Due to its great
leverage, this spurious point had an extreme influence on the overall regression
analysis. Elimination of the data point from the analysis allowed a much more accu-
rate regression model to be produced as shown by the solid curve. The other curves
for t, = 90 and 300 seconds were essentially unchanged. Comparing the results shown
by th% so0lid curves with those of Fig. 5 for the MSE model for the same data sets
shows a similar degree of correlation. The regression analysis for the SINH model
provided three slightly different curves for three frequencies, although the vari-
ations in both the modcl predictions and the experimental data were extremely small.

COMPARISON OF MODELS

There are numerous similarities as well as many differences between the MSE and
SINH models. Both begin with an equation describing a general sigmoidal shape. The
MSE model has vertical asymptotes which require special techniques for performing
regression analyses on experimental data which may fall outside the asymptotes. The
SINH model has four constants (only three are used in most cases) while the MSE model
has six. The functional relations between the constants and the four test variables
are established for the SINH model and have been used in modeling several materials.
The functional relationships for the MSE model are more complex and have been
established based on data for one material (AF115). It is not apparent whether these
functional forms are valid for other materials. The SINH model has been developed
incorporating a sophisticated regression analysis scheme for application to a wide
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variety of data sets. No general regression scheme is incorporated into the docu-~
mented MSE Model. Since very few data on crack growth in the near threshold regime
exist for engine materials it is not clear how well either model can predict very low
growth rates or how well they can represent the threshold 4K as a function of the
test parameters. The SINH model has, however, been used successfully to represent
near threshold crack growth at room temperature in a aluminum alloy (Ref. 7).

Both models, when applied to a limited data set on AFll5, were evaluated to
determine the variation of crack growth rate with frequency or hold-time while keeping
all other test variables constarnt. Using two fixed values of AK and R = 0.1, T =
649°C, plots were made of predicted crack growth rate as a function of cycle time or
hold-time for variations in frequency (reciprocal of cycle time) and hold times. The
hold times were applied between single cycles at 0.25 Hz. The results are presented
in Fig. 7 and show that both models predict similar behavior. It is interesting to
note that the MSE model predicts linear relationships in (log) crack grcwth rate with
(log) frequency or (log) hold-time. The SINH model, on the other hand, can predict a
non-linear relationship for this behavior.

To our knowledge, the application of the MSE and SINH models to the set of data
on AF115 (Ref. 6} is tue only direct comparison that has been made of the predictive
capabilities of the two models. However, the application of each model to the data
was quite different. The constants in the MSE mode had already been established (Ref.
2) for a large data set and the results shown in Fig. 5 simply show the fit to one
limited data set illustrating hold-time effects. On the other hand, the SINH model

was applied only to the limited data shown in Fig. 4. The data for zero hold-time are,

for only one frequency although data at other frequencies (which showed no frequency
effect) were included in the fit of the MSE model. The inclusion of these additional
data would naturally charge the fit in Fig. 6. Another observation in the application
of the SINH model is that the fit to a data set is dependent on the users first guess
at some of the constants. A non-linear regression analysis will often provide a best
fit in the vicinity of the first guess. 1In the application to data sets, the number
of data points of each set, the existence (or elimination) of spurious data points,
and the initial guess can all influence the final fit. This requires some degree of
experience in the application of the SINH model but also provides a significant amount
of flexibility in fitting experimental data. This will be illustrated in the fol-
lowing section which shows the application of the SINH model to complex loading
situations.

CRACK GROWTH SYNERGISM

The crack growth models presented above effectively represent crack growth as a
function of the primary variables (R, F, T, and t,) under constant amplitude fatigue.
However, it is well known that crack propagation ﬂnder variable amplitude loading may
be retarded, or accelerated due to various load interaction effects (e.g. Ref. 8, 9).
For example, if constant load amplitude fatigue is interrupted by a single loading
cycle of greater magnitude (i.e. an overload), the rate of subsequent crack propa-
gation will be temporarily reduced under the resumed constant amplitude fatigue. 1In
the extreme, an overload may produce complete crack arrest. Alternately, if a large
compressive load (underload) occurs, a period of accelerated crack growth may result
under continued fatigue. Load interaction phenomena such as these may significantly
affect the life of airframe structures where large overloads may occasionally occur.

By comparison to high cycle airframe spectra, the low cycle fatigue spectra that
are imposed on rotating components in turbine engines have 1little variability.
Turbine spectra contain relatively mild overloads (major throttle excursions), and
these overloads occur routinely (several times in a given mission). For a rotating
component the magnitude of an overload is ultimately limited by the component's burst
strength which, in advanced military engines, is only slightly greater than the design
stress. As a result, overload stresses are generally much less than one and a half
times the normal operating design stress. Thus, the engine spectrum can generally be
characterized ad rather severe baseline fatigue cycling interrupted by <£frequently
occurring mild overloads.

The magnitude of the load interaction effect produced by such loading has been
determined experimentally in elevated temperature testing of the nickel-base super-~
alloy IN100 (Ref. 1, 4). Fig. 8 illustrates test results for crack growth under
constant load amplitude fatique interrupted by a periodic overload occurring every 4l
cycles., For the maximum overload ratio (OLR = ¢ overl adﬂ’ = 1.5) the result is a
factor of 4 reduction in growth rate below that o "ORE cDR8tant amplitude cycling,
The effect of varying the number of fatigue cycles between the overloads (AN, ) is
shown in Fig. 9. The crack retardation effect is greatest for case with 40 %@cles
between overloads and diminishes as ANO is reduced. For testing with AN L= 5, the
average crack growth rate is approximatgiy equivalent to that under constant’ amplitude
fatigue alone. For this high frequency of overloading the crack retardation that
occurs during the constant amplitude cycling is essentially balanced by the added
crack growth due to the overload cycle itself, 1In the limit as 4N approaches zero,
the relative fraction of dJdamage produced by the overload would “increase, and the
resultant crack growth.rate curve would approach the limiting case shown in Fig. 9.

The combined effects on crack growth of overload ratio and the number of cycles
between overloads can be described by an interpolative SINH model in & manner similar
to that used to represent the effects of the primary variables R, F, T, and t,.
Ultimately, the effects of all the primary and synergistic variables may be incog-
porated into a single model for predicting cumulative dJdamage crack growth under
turbine engine spectra. Such a model was constructed for crack growth in the superal-
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loys Waspaloy and IN100, and its predictive capabilities were demonstrated under the
mission loading sequences shown in Figs. 10 and 11 (Ref. 1). Under the terms of the
demonstration program, the cumulative damage model was used to predict crack growth
produced in both compact type and surface flaw specimens under each mission spectrum.
Subsequently, crack propagation tests of the two materials were performed under both
spectra and using both specimen geometries., Pig. 12 illustrates an example crack
growth data set and the corresponding cumulative damage model prediction along with a
prediction assuming linear damage summation (i.e. discounting any load interaction
effects). The results of all eight demonstration tests may be summarized by calcu-
lating the ratio of the predicted to the actual specimen life (N _/N,). A ratio of 1.0
indicates perfect cor: .ation, while values less than one %ndﬁcate conservative
predictions. A log-normal probability plot of these life ratios based on the cumu-
lative Jdamage model is presented in Fig. 13. The mean value of these ratios is 1.07
indicating that, on average, the model predicted actual specimen life to within 7
percent. The corresponding mean value for the nonsynergistic life calculation (linear
damage summation) is N_/N, = 0.82.

Among the conclué%on% that can be drawn from these data is the observation that
relatively little crack retardation occurs under the missions tested. On average the
synergistic model predicted crack propagation lives only 30% greater than the linear
damage summation prediction. This small increase in life may be understood from a
consideration of the specific crack retardation process. The maximum .degree of crack
retardation produced by an overload generally does not occur during the fatigue cycles
immediately followinn the overload. Typically, the process immediately following the
overload can be described as delayed retardation and is characterized by a mono-
tonically decreasing growth rate until a minimum is achieved some number of cycles
following the overload. Thereafter, crack propagation may be retarded for an extended
period. However, under representative turbine engine spectra the overloads occur very
frequently, and the retardation process is interrupted and restarted often. It has
been shown (Ref. 10) that delayed retardation continues to occur under these circum-
stances and, in fact, dominates the retardation process. As a result, the full
beneficial effect of the overloading is never achieved, and only a modest increase in
crack propagation life results,

In addition to 1limiting crack retardation, the high occurrence frequency for
overloads has a second effect. The overloads may occur so often that they, them-
selves, account for much of the crack propagation produced by a fatigue spectrum.
This view is largely accurate when considering the hypothetical missions presented in
Figs. 10 and 11 and is often even more appropriate when considering actual engine
operating spectra such as that of Fig. 2. Under many actual missions, major throtilie
excursions (overloads) account for the much of the fatigue damage, and the resulting
crack retardation is never fully developed in the few minor fatigue cycles tnat occur
prior to the next major cycle. The general result is a relatively minor load inter-
action effect for most engine spectra, and although an effective synergistic crack
growth model is available, large errors in component life calculations generally do
not result if load interaction effects are ignored.

Potentially a greater source of error in calculations of crack growth in elevated
temperature components lies with interaction effects produced by a sequence of fatigue
cycles and periods of sustained loading. For the type of spectra discussed thus far,
the magnitude of most sustained loading is well below the maximum stress level for the
fatigue cycles. In this case the relative contribution of the sustained loading to
crack growth is very small, However, certain types of aircraft perform activities for
which much of the loading spectra is characterized by sustained loading at or near the
maximum stress. For these cases "creep-fatigue" interactions can become important at
the higher temperatures.
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OBSERVATIONS ON TIME-DEPENDENT MATERIAL BEHAVIOR

Modeling of crack growth rate behavior to Jdate has concentrated on alloys in
existing engines. Time-dependent crack growth, i.e. effects of hold times, has not
been found to be very significant in most cases (Ref. 11). This is because most
designs use materials in the elastic region or only slightly into the inelastic strain
regime. There are variations in crack growth rate due to frequency, but these
variations are not due to purely time-dependent behavior. That is, a decrease in
frequency by an order of magnitude does not result in an increase in crack growth rate
per cycle by an order of magnitude. As temperatures are increased in new designs,
there is a tendency towards more time-dependent material behavior. In particular, the
effects of hold times may play a more important role in future modeling exercises.
Thus, crack growth under sustained load must be characterized accurately.

Experimental results on a number of materials have shown that at elevated temper-
atures crack growth can be characterized as purely time-dependent for very low frequen-
cies or under sustained load. Fig. 14 shows results on fatigque crack growth as a
function of frequency for Inconel 718 at 649°C for 2 values of maximum K. 1t can be
seen that for frequencies below 0.01 Hz at R = 0.1 the growth rate per cycle is
inversely proportional to frequency (-45° slope on log-log plot) or that da/dt, crack
growth rate with respect to time, is constant. On this same material, single fatigue
cycles with hold times at maximum load between cycles show purely time-dependent
behavior for hold times in excess of 10 seconds between 1 Hz fatigue cycles for R =
0.1, PFor R = 0.5, time-dependent behavior is observed for all hold times. Fig. 15
shows these experimental results for two different values of maximum value of K, the
stress intensity factor at R = 0.1, and for one value at R = 0,5. Crack growth rate
per cycle is plotted against total cycle time. The total cycle is composed of a 1 Hz
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fatigue cycle and a hold-time at maximum load. The data for cycle time equal to one
second correspond to the baseline. fatigue data at 1 Hz. The solid lines of unity
slope represent purely time-dependent behavior. It can be seen that most of the data
show time-dependent behavior. 1In fact, for a very large hold times, the data repre-
sent, by definition, the sustained load crack growth behavior since the contribution
of the single fatigue cycle can be virtually ignored. Shown also on the plot are
dashed lines representing predictions of a linear cumulative damage model to be
discussed below.

It is to be noted that K is used as the correlating parameter in both cases
(fatigue and creep/fatigue) even when the behavior is purely time-dependent. On the
same material, K has been found to provide good correlation with sustained load crack
growth rate using three different specimen geometries (Ref. 12). Similar observations
have been made on other nickel base superalloys demonstrating that K is an adequate
correlating parameter for sustained load crack growth rate. We hesitate to use the
terminology "creep crack growth®™ for sustained load crack growth in these materials
because the creep contribution is very small. Instead, crack growth under sustained
load, cycles with long hold times, or very low frequencies is an environmentally
enhanced process. In the absence of a deleterious environment, in this case air
(oxygen), growth rates decrease by over an order of magnitude. Figure 16 shows
sustained load crack growth rate in air and vacuum from three separate Znvestigations
(Refs. 13 - 15). The data clearly show a significant decrease in growth rate when
oxygen is removed from the environment. The time-dependent behavior in the presence
of oxygen is thus highly environmentally enhanced which partially explains why K, a
linear elastic fracture mechanics parameter, correlates time-dependent crack growth in
these materials.

The cyclic crack growth behavior of many alloys at elevated temperatures can
generally be categorized as a function of frequency or reciprocal of cycle time over
three regions as depicted schematically in Fig. 17. At low frequencies or long cycle
times (region 1), behavior is purely time dependent. At high frequencies or short
cycle times (region 3) the behavior is purely cycle dependent. At intermediate cycle
times (region 2), the behavior is characterized as mixed mode. In Inconel 718 at
649°C, region 2 covers a frequency randge from 0.0l to 10 Hz at R = 0.1 as shown in
Fig. 14 (Ref. 16). At other values of R, however, the transition frequency changes
for the same maximum value %f K. Figqure 18 shows data for Inconel 718 and AFllS at
649°C for maximum K of MPa-m*. It can be seen that for AF1l5 at the same temperature,
region 2 does not appear to exist, i.e. the behavior could be characterized as either
cycle or time-dependent with no intermediate region. In both of these materials at
649°C, addition of hold times at maximum load increases the crack growth rate.
Calculations have shown that the hold-time contribution is readily obtained from
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sustained load crack growth data. For modeling purposes, sustained load and cyclic ;5
growth data can be summed to predict crack growth rates due to cycles with hold times LY ;
at maximum load (Ref. 16). g 3
Interactions between sustained loads and cyclic loading (creep-fatigue inter- -fa 3
actions) may be important in typical engine spectra. Linear cumulative damage t}“ 4{
&

modeling has been used, rather successfully, to predict growth rates in several cases
involving alternate cyclic loading interspersed with hold times at maximum load. 1In
Fig. 15 hold times at maximum load varying between 1 and 500 seconds, interrupted by a
single fatigue cycle of R = 0.1, showed time~dependent behavior for hold times greater
than ten seconds (Ref. 18). The growth rate can be predicted by summing the contri-
bution of the fatigue cycling and the sustained load portion. The predictions, shown
as dashed lines in Fig. 15, correlate extremely well with experimental dJdata for
Inconel 718 at 649°C, Similar data, which have been obtained on IN100 at two temper-
atures, 649°C and 732°C, are presented in Figs. 19 and 20. These figures plot the
growth rate per cycle for a single fatigue cycle of 0.167 Hz at R = 0.1 and various
hold times as a function of hold-time. %Data are presented for 3 values of the maximum
stress intensity, 40, 30, and 20 MPa-m*“. The horizontal lines show the crack growth
rate prediction due to fatigue only. The lines of unity slope represent predictions
due to the sustained load portion only as determined from separate sustained load
growth rate tests. The dashed lines are predictions taking into account both contri-
butions and show reasonable correlation with the data. Figure 19 shows that, at
649°C, purely time-dependent behavior does not occur until hold times beyond several
hundred seconds are applied. At 732°C, however, time-dependent behavior occurs for
hold times of 100 seconds and less. The predictions for very long hold times in both
cases are below the experimental data. These differences are attributed mainly to the
statistical variability in sustained load crack growth rate data.

Another series of tests which has been conducted to evaluate “"creep-fatigue"
interactions involves subjecting a specimen to a number of fatigue cycles with a
hold~time interspersed between each block of fatigue cycles (Ref. 17). Data for
Inconel 718 are presented in Fig. 21 in the form of crack growth rate (da/dt) as a
function of the number of fatigue cycles in a block. All fatigue cycles were at 1 Hz
with R = 0.1. The data for the number of cycles, N, approaching zero represent
sustained loads only. The data for N becoming infinite represent fatigue cycles only.
These tests wq{e performed using hold times of 5 and 50 seconds at a maximum value of
K of 40 MPa-m*. A linear cumulative damage prediction obtained by summing the sus-
tained load and fatigue contributions is shown as solid 1lines in Fig. 20.
Predictions considering sustained load only and fatigue only are also shown for
comparison. It can be seen that the linear cumulative damage prediction is quite
accurate, Note that the growth rate data are plotted on a linear scale. For this
material, the contributions due to sustained loading and fatigue are both important
for the entire range of N investigated.
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Similar data were obtained for IN100 at 649°C and 732°C and are plotted in the
same manner in Figs. 22 and 23. The fatique cycles here are 0.167 Hz at R = 0.1:
Fig. 22 shows that the hold times have little influence and that the predictions based
on fatigue only are quite good at 649°C. At 732°C, however, both sustained load and
fatigue contribute over the range of values for N investigated. The experimental data
are somewhat higher than predicted by the linear cumulative damage model, but the
trends of both are consistent. A higher sustained load crack growth rate would bring
the prediction more in line with the data. This is consistent with the observation of
a low prediction in the hold-time Jata Fig. 19 and, again, is attributed to material
scatter in susta.ned load testing.

In general, our observation has been that sustained loads at maximum load in
"creep-fatique®™ interactions play an important role in crack growth in engine alloys
at high temperatures. It has also been observed that crack growth predictions based
on a linear cumulative dJdamage model are quite reasonable. Sustained loads at less
than maximum load in "creep-fatique®™ interactions have not been investigated to any
large extent. If their contribution is numerically small compared to that of the
fatigue cycles, they can usually be ignored. If their contribution is not negligible
in a linear cumulative model, they cannot be automatically ignored although the
magnitude of their contribution may not be determinable from a linear summation basis.
In spectrum load experiments on Inconel 718 at 649°C, with sustained loads at 75
percent of maximum fatigue load, linear cumulative damage could not be used. The
fatigue overloads had a significant retardation effect on the sustained load behavior.
The net crack growth rate was a factor of 40 less than that predicted by sustained
load behavior, but over 2% times that due to fatigue alone (Ref. 17). Similar obser-
vations have been made in IN100 at 732°C (Ref., 4). Thus, the effect of fatigue
overloads on sustained load behavior appears to be important. This complex problem
has received little attention to date.

DISCUSSION AND CONCLUSIOHNS

Crack growth rate modeling in turbine engine alloys has been concerned primarily
with evaluating the effects of stress ratio, temperature, and frequency using stress
intensity as a correlating parameter. Hold times at maximum load have also been
considered in modeling studies. Both the hyperbolic sine (SINH) and modified sig-
moidal equations (MSE) have been used to describe the general shape of crack growth
rate curves. Only the SINH equation has been applied extensively to a number of
materials over a wide range of conditions. A significant amount of interpolative
flexibility is inherent in these models so that, in principle, a wide range of Jdata
and combinations of parameters can be represented. These models have been very
successful in representing the materials they have been .applied to. They have not,
however, been applied to any great extent to materials exhibiting significant amounts
of time dependent behavior or to very complex mission spectra where hold-time effects
are significant.

Certain aspects of material behavior have been ignored or considered unimportant
in crack growth modeling. Single overload or underload cycles influencing cyclic
crack growth have been found to be relatively unimportant in engine mission spectra.
Cyclic overloads influencing sustained load crack growth, however, have been shown to
be very important in engine mission spectra, particularly at very high temperatures
where time-dependent behavior is apparent, Little work has been done in this area.
With the exception of these overload effects, linear cumulative damage modeling has
been found to work well under a wide variety of conditions. This concept, combined
with interpolative capabilities of a model such as SINH, provides an extremely power-
ful tool for crack growth modeling under a very wide range of loading conditions.
Aspects which have not been addressed in modeling and material behavior studies, which
are expected to play important roles in some future applications, include the effects
of non-isothermal conditions, the growth of short cracks, closure phenomena, inter-
actions of high and low frequency loading, growth of multiple cracks, crack growth in
and near the threshold regime, and crack growth in anisotropic materials such as
single crystals.,
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DISCUSSION
R.Tadros, Ca cimee O
How confident are you when quoting LCF life based on the crack growth data available in the literature at this stage, ‘-'_‘;"‘:::'.-:“.i:;:;i
bearing 1n mind that other material behaviour studies related to growth of short cracks, closure phenomena, interactions of ‘:-',-:;;:.:-:.'_'ia_z:j
high and low frequency loading, growth of multiple cracks, crack growth in and near the threshold regime and crack growth NN
in anisotropic materials, have not been fully covered at this stage? '-{.:\_;.'

Author’s Reply
Confidence in crack growth calculations requires that one does not rely on unknown factors in the areas you mentioned.

Confidence in specific calculations is attained by avoiding the unknown range or by developing the appropriate data to
adequately answer the specific materials/mechanics questions posed by the given problem. This approach may lead to
overly conservative calculations, and not all problems can be solved satisfactorily. The full implementation of a damage-
tolerant approach to design of turbine engines requires that additional research be conducted in the variety of areas you
mentioned.

D.W.Hoeppner, Ca
In Turbistan activity an attempt is being made to develop a standard load sequence for: (a) evaluation and comparison of
materials; (b) evaluation and comparison of manufacturing methods; (c) verification of fatigue life methods; (d) input to
fatigue life methods and prediction. This standard load sequence is useful to both the safe life and damage tolerant
approaches. In relation to the work you reported, has the US Air Force or your lab or your contractors developed a plan to
develop a standard load sequence?

y
Sroa

"

Author’s Reply
To my knowledge, neither the US Air Force nor any Air Force contractors currently have plans to develop a standard load
sequence for use specifically in evaluations of materials or manufacturing methods. Our approach, as discussed in this
paper, has been to attempt to understand the effects of the various components of engine missions and to use this
knowledge to guide development of materials and manufacturing methods. Toward this end, the AFWAL Materials

-
ATV I T
LA

A
’.

<

- Laboratory is conducting various in-house projects to examine interacting effects between cycle-dependent and time- AT
» dependent crack growth, and a new contractural programn.e in the area of cumulative damage modelling will begin in July v -—-:w"m"?: -
ey 1984. In addition to this materials research, the Air Force does have a number of Accelerated Mission Test spectra (as ‘}.-T-,i.}:.f_-:.:ﬁ
= discussed by W.R.Taylor at this meeting) that are uscd to address various questions of engine durability. These spectra are ;&:‘-;;&f.'_'::;‘i_:
defined based on specific engine usage, and may be updated as conditions warrant. GRRNN

TS ‘

D.W.Hoeppner, Ca
In the MSE and SINH models you very nicely described use is made of the threshold parameter. My colleagues and I have
used these as well as the four parameter Weibul function, on which since 1974 I have concentrated extensive research.
However, 1n all of these the “goodness of fit” is determined by the threshold as well as other factors. How do the US Air
Force or your contractors (GE & PW in this case) obtain the “accurate” threshold inasmuch as we do not have a standard
test technique to generate the threshold and the threshold is dependent on microstructure, waveform, etc.?

Author’s Reply
To date, the MSE and SINH models have generally not been used to represent crack growth data in the near-threshold
regime, Most current damage tolerant life calculations start at values of stress intensity range well above the threshold (Kin)
due to ingh stress levels in these components and the starting crack size that is given by inspectability limits. As methods of
nondestructive evaluation (NDE) continue to improve, the starting crack size for the damage tolerant calculations will be
reduced, and near-threshold crack growth will become more important. However, as you mentioned, there are a number of
questions regarding data of AKn under realistic engine operating conditions. Rescarch at the Air Force is in progress to
address these questions.

D.W.Hoceppner, Ca
Comment — In your oral presentation you mentioned that “small crack” data and “long crack” data often are comparable
even below the current “inspection threshold.” However, I'm sure you'll agree, when a “large grain™ material is involved and
we must deal with crystallographic anisotropy (the extreme being a single crystal) the “small crack” data can be significantly
different from “long crack™ data. In fact, use of K| as a correlating parameter is not valid in these cases. Dependent on the
crystal size, the crach size when this uceurs could be much larger than the inspection threshold. This point may have been
covered n your last slide under anisotropy effect as well as in your paper under the same topical heading,

Author’s Reply
I generally agree with your comment and would like to mention that the Air Force has a number of in-house and
contractural research activities 1n progress in the areas of both the growth of small cracks and crack growth in anisotropic

materials such as single crystals.
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PROBLEMS AND POSSIBILITIES FOR LIFE EXTENSION IN GAS TURBINE COMPONENTS

AKX, Koul and W. Wallace
Structures and Materials Laboratory
National Aeronautjcal Establishment
National Research Council
Montreal Road, Oitawa, Ontario K1A OR6 Canada
and
R. Thamburaj
Department of Mechanical and Aeronautical Engineering
Carleton University, Ottawa, Canada

SUMMARY

The structures and materials community is presently engaged in a number of thrusts aimed to increase reliability, and to
extend the lives of engine components both safely and cost effectively. Processes such as hot isostatic processing, crack repair, and new
approaches to engine component lifing based on damage tolerance concepts are reviewed.

Data showing the beneficial effects of hot isostatic processing on the stress-rupture properties of new and ser<ice exposed
Ni-based superalloy turbine blades are presented. Creep design miethods that are generally used to highlight the service induced
degeneration effects are critically analyzed. A new life prediction method that systematically analyzes the creep degeneration effects
with increasing service life is proposed.

Results indicating the successful application of a damage tolerance based maintenance methodology in Canadian Forces J85
engine compressor and turbine discs are discussed. Possibilities of enhancing engine component durability through improved machining
techniques and reheat-treatments are also discussed.

1. INTRODUCTION

Over the past twenty-five years considerable work has been performed to investigate the deterioration of turbine engine
components in service, and to develop improved designs and degradation resistant materials. The aim has been to improve performance,
achieve longer life and to provide trouble free operation.(**} Engine components can be separated into two major classes, i.e. those
whose deterioration affects only the achievement of maximum thrust and fuel efficiency and those whose deterioration threatens the
continued safe operation of the engine. This latter group comprises most of the large rotating components of the compressor and
turbine sections such as shafts, discs, wheels and spacers. It is also evident that a malfunction of components such as blades and inlet
guide vanes can also seriously diszupt the safe operation of the engine.®)

Turbine discs and blades of marine, aircraft and land based gas turbine engines are generally made from complex Ni-based
superalloys in either wrought or cast form respectively.(1:2) These alloys are strengthened by the precipitation of the intermetallic
phase Nig (Al, Ti) ie. 4’ in the grain interiors and by the precipitation of this phase and carbides along grain boundaries. Heat-
treatments are therefore carefully designed to achieve a proper balance between intragranular and grain boundary strength. These are
controlled by the size, shape and distribution of the ' and carbide particles.

Improvements in component operational capability have essentially been achieved through proper adjustment of the alloy
chemistry to increase the ¥’ volume fraction and to decrease surface degradation.® Progress has also occurred in new processing
techniques.(7:8) Pcrhaps the most remarkable developments in this respect have been the introduction of directionally solidified and
single crystal blades(®11), and the manufacture of powder metallurgy compressor and turbine discs.(34:9) Improvements in biade
design in the form of internal cooling has allowed the use of increasing gas inlet temperatures, which eventually lead to a reduction in
specific fuel consumption and higher thrust to weight ratio in dry engine operations.(12:13)

The stage has been reached where dramatic improvements in engine material performance can no longer be expected in the
near future and manufacturers and operators alike are beginning to consider ways of extending the lives of gas turbine components by
less traditional methods. These approaches have included hot isostatic processing of turbine blades, weld repair of cracks and the
development of design and maintenance methodologies based on damage tolerance concepts.4-17) One important incentive for such
initiatives is reduced cost of ownership over the full life cycle of the engine, but the overriding considerations are reliability in
performance and safety.

The lives of various engine components are limited by service induced degeneration effects such as fatigue, creep, erosion
and a variety of different environmental reactions. The precise form of deterioration however depends on the part, its design function,
operating environment and the materials used in manufacture. The life limiting factors of the major turbine engine sections are
summarized in Table 1. This paper will concentrate on the life extension possibilities of the major components, namely, turbine blades,
and turbine and compressor discs. The purpose of this paper is to examine these life extension methodologies and to review the
associated methods of testing and analysis that are required for component substantiation,

2. PROBLEMS AND POSSIBILITIES OF LIFE EXTENSION
The following subsections will deal with the problems and possibilities of life extension in the above mentioned components.
2.1 Turbine Blades

Creep damage has traditionally been recognized as a major form of airfoil deterioration.(12:18) In cooled blades however, the
external airfoil surface is impinged by hot gas while internal cooling passages are chilled and consequently severe thermal gradients
exist across airfoil walls and severe thermal transtents occur during heat-up or cool-down.*2) Therefore, cumulative damage effects of
creep and thermal fatique are considered for accurate in-service life prediction of cooled blade airfoils.(23) Other forms of damage
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caused by events such as foreign object ingestion into the engine can also lead to catastrophic failures, Impact due to ingested small
objects may form notches and crack-like discontinuities in airfoils and other components that can result in premature failures. Manu-
facturers must therefore consider impact damage tolerance of all corponents, perhaps using fracture mechanics concepts.(19)

~ To present an overview of all life limiting factors in turbine blades is beyond the scope of this paper, but a critical assessment
of the major form of damage, i.e. creep, will be carried out here.

2.1.1 Creep Damage Assessment Using Conventional Data Base

Creep testing and its analysis should be realistic and reliable for establishing design life limits for new blades. A number of
parameters, classified under the general category of Minimum Commitment Method (MCM) and the Graphical Optimization Procedure
(GOP), are available for accurate extrapolation of the short-term creep test data to design stresses.(2?) These parameters include the
Larson-Miller parameter, the Manson-Haferd parameter, the Monkman-Grant equation and the Dobes-Milicka equation. A considerable
number of arguments have, however, centered around the differences in the predominant mode of deformation during short-term
laboratory creep testing and those actually encountered by the components during service. In the current context, however, the ability
of a method to consistently highlight the service induced degeneration and rejuvenation effects is of utmost importance.

The Larson-Miller (I-M) parameter is the most widely used method for correlating stress, temperature, and time to rupture
ot more often, life to a specified value of creep strain of ~0.1%.(21:22) The parameter ‘P’ is defined as,

P = TX 1073 (C+logtg) (1)

where T is the temperature in °K, tg is the life in hours and C is a constant assumed to have a universal value of ~20. The tempe- e
and stress dependent life sensitivity of typical blade materials, such as Udimet 700 and IN 100, is indicated in Table 2. Using nominal
stress values of 210 MPa and 345 MPa, it is evident thau a change of 40°C in metal temperature changes life by more than an order of
magnitude. Similarly, an increase in stress from 210 MPa to 345 MPa decreases life by more than an order of magnitude. Table 2 also
indicates that IN 100 can sustain 40°C higher operating temperatures than Udimet 700 for similar service life periods.

Creep life data collected over a range of temperatures and stresses for a given material are also presented in the form of
L-M parameter scatterbands such as plotted for Inconel Alloy X-750 and IN 738LC in Figures 1 and 2 respectively.(15:23) Superimposed
on the new material scatterbands are the data points from service exposed material. The service induced creep damage effects on
rupture life are quite evident in some tests, where the data fall below the lower limit of the scatterband for new material. In contrast,
some data for service exposed material fall well within the scatterband of the new material. The ability of the L-M method to detect
creep degenexation effects is therefore questionable. The success of the L-M parameter in high temperature creep design can perhaps be
attributed to its conservative estimates of long term rupture life.(24-25) It has been suggested that C values other than 20 may lead to
better correlation of actual stress-rupture data.(24-26) The constant C is said to vary from one material to another and its value can be
determined using the method outlined by Furrillo et al.(%4) It has also been shown that in a given material, the C value at lower stresses
is very different from that calculated at higher stresses, since creep yield phenomenon predominates below a certain stress level.(25)
Whether these modifications can distinguish between the service exposed and the new material has not been ascertained as yet, but
minimizing the data scatter problems through these modifications is considered unlikely.(23)

Another creep design relationship, defined by Manson-Haferd (M-H) parameter,(27) postulates that for a given material and
stress level there exists a unique value of a parameter ‘P that is related to temperature and time by the equation

1
T T-C @
og g - logt

where T is the temperature in °F, C’ and log t' are material dependent constants having values of approximately 100 and 17 respectively
for most 7' strengthened Ni-based superalloys. This relation is considered to be more accurate for service life prediction than the L-M
parameter, but it is not as widely used for design purposes. The scatterband obtained using the M-H relationship with data for IN 738LC
is shown in Figure 3 together with data for service exposed material. A number of service exposed data points fall well within the new
material scatterband, thus indicating the inability of this method to detect sexvice induced creep degeneration.

Many relationships have been proposed between the secondary or minimum creep rate (¢), time to fracture (tp) and total

creep strain (eg) and these have been used to analyze data from constant load, accelerated uniaxial creep tests. The correlation between
¢ and tg, is most commonly described in the form of a relationship proposed by Monkman and Grant(3), where

tR ém = Cl (3)

and m and C, are material dependent constants. Dobes and Milicka??) proposed the inclusion of a normalizing parameter (eg) to
modify Equation (3), where

t
("R'> & = @

€R

and m® and C* are material constants. Neither Equations (3) or (4) are able to avoid the data scatter, or to differentiate between the
new and service exposed IN 738LC creep properties, Figures 4 and 5. These complexities have been discussed at length elsewhere(2),
but it will suffice to say here that the erratic nature of the tertiary creep component of the overall creep curve in complex engineering
alloys is responsible for such difficulties.
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In conclusion, the conventional creep data base is unable to consistently highlight the microstructural degradation effects
in sexvice exposed turbine blades.

. 2.1.2 Influence of Defects on Creep Data Base

As mentioned earlier, the use of precision investment cast alloys has considerably improved the turbine blade operational
capability. Notwithstanding the economic merits of investment casting, the process is not without problems. Random casting defects
such as shrinkage cavities, hot tears, microporosity and inhomogenity can lead to very high scrap rates. Inhomogenities and hot tears
can largely be controlled through heat-treatments and casting parameters respectively, but shrinkage cavities and microporosity can
only be eliminated by hot isostatic pressing (HIF), Figure 6.63%:31) This involves simultaneous application of heat and pressure to parts
in an autoclave,

Stress-rupture properties of investment cast and HIP processed IN 738LC are compared in terms of the L-M parameter versus
stress plots in Figure 7. The reduced scatter and the improved properties at the lower limit are noteworthy. Elimination of shrinkage
cavities and microporosity therefore allows the use of higher design stresses in components.

The inherent scatter in the stress-rupture data is nevertheless evident in the L-M scatterband for HIP processed IN 738LC
blades, Figure 7. However, the data for service exposed material still falls within this reduced scatterband for new HIP processed
material, Figure 2, thus demonstrating the problem of detecting service induced degeneration.

2.1.3 Possible Improvements in Creep Data Base

In view of these scatter problems a new creep design relationship based on the isolation of tertiary creep life and strain from
the overall creep curve, was secenily pioposed.?3) Primary plus secondary creep lives (l:p + t;) normalized by their respective primary
plus secondary creep strain values (€, + ;) reveal a straight line relationship as a function of secondary creep rate (€) in IN 738LC
blades on a logorithmic plot, Figure 8. This relationship indicates minimum scatter over a wide range of stresses (350-700 MPa) and
temperatures (760-890°C), with a correlation coefficient of ~1.00. The relationship can be represented by,

to +t
(—‘3——) M=K, ()

€p+ €

where M and K, are constants. An M value of unity and a K; value of 0.979 was observed for new IN 738LC.

Equation (5) is capable of detecting the service induced degeneration effects in IN 738LC, Figure 8. This can be attributed to

the differences in the primary creep data for new and service exposed material, For service exposed material a continuous decrease in

and/or an increase in €, is observed with increasing service life. Microstructurally, these effects might be related to service induced

precipitate coarsening, since 1ecovery mechanisms can be considerably accelerated during further creep testing. The influence of service
exposure is primarily to decrease the K value in Equation (5), whereas the slope M is of the order of unity in all cases, Figure 8.

214 Life Extension Through Rejuvenation and Repair
2.1.4.1 Rejuvenation

The major causes of blade replacement at overhaul include loss of material strength and blade airfoil growth beyond
acceptable limits which may be as little as 1-2%. Notwithstanding various forms of surface damnage caused by erosion, corrosion and
impact etc., the internal damage is the prime factor responsible for blade growth during service.(15) Internal damage in Ni-based super-
alloy turbine blades 1s related to microctructural changes which occur slowly during service, depending on alloy composition and service
operating conditions. During long time exposure under high stresses at high temperatures, structural changes in the form of y' particle
coarsening, grain boundary carbide morphology changes, creep induced cavitation on grain boundaries aligned normal to the stress axis
and bnttle intermetallic phase precipitation such as o phase can occur, Figure 9.52) These microstructural changes are detrimental to
prop.rties such as strength, ductility, and notch sensitivity.

Eartier workers®3:39) had suggested that the majority of microstructural changes could be reversed by applying simple
reheai-treatments involving complete solutioning followed by controlled ageing. Elimination of creep cavitation damage is, however,
unlikely by a conventional reheat-treatment. Irreversibility of service induced primary MC *ype carbide degeneration adds to the com-
plexities of the problem even further. Inconel alloy X-750 blade data in Figure 10 clearly indicate that aftex long service exposures it
is not possible to restore properties completely by a reheat-treatment alone. Full restoration of creep properties is however possible
through HIP rejuvenation processing as evident in Figure 10.(15:32,85)

HIP processing involves simultaneous application of high temperature and high pressure in an autoclave. The combination of
heat and pre.sure collapses internal creep cavities in blades and diffusion bonds the cavity surfaces together. The selected HIP tempera-
ture is usually above or close to the ¥’ solvus temperature in order to ensure that the material flows readily under the hydrostatic
pressure, Other factors to consider in the selection of an appropriate HIP temperature include the extent of primary MC carbide
degeneration and time-temperature dependence of abnormal gram growth.6:37) A post-HIP reheat-treatment is generally required
to restore the microstructure of the alloy to its pre-service condition.!5) The selection of an appropriate post-HIP reheat-treatment
cycle must consider a number of parameters, namely,

(i) Abnormal grain growth of the service exposed material.37)
(ii) Formation of serrated grain boundaries where applicable.(88-41)
@iii) Grain boundary carbide precipitate morphology.(3)

(iv) Size and shape of 4 precipitates.(36)
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These microstructural features are interrelated, and the optimum results are obtained by proper control of solution
temperature, cooling rate, partial solution temperature and aging treatment.

A quantitative analysis of microstructural degradation in service exposed turbine blades has traditionally involved creep
cavitation assessment using optical metallographic techniques.42) It has however been suggested that the possibility of ultra-fine creep
cavity formation in service exposed. turbine blades should not be overlooked in damage assessment procedures.3:44) Creep cavities
may sometimes be too fine to be resolved either by optical or scanning electron microscopy techniques. The existence of ultrafine
cavities can only be verified by stress-rupture testing of the service exposed specimens. A typical example of this behaviour is shown in
Figure 11, where service exposed Nimonic 105 turbine blade (62,000 hours exposure) samples did not reveal any distinct creep cavities
in the grain boundary regions. However, the improved rupture life of the HIP plus heat-treated stress-rupture specimens over specimens
that were merely heat-treated suggests that the latter contained some ultra-fine cavities, Figure 12.

A major criticism of rejuvenation technology has been the irreversibility of blade growth during hipping. The blade airfoil
tips can however be machined to meet the original tip clearance specifications. The use of abradable internal seals in the original engine
design improves the chances of applying HIP rejuvenation technology even further. It is envisaged that a typical turbine blade can be
HIP rejuvenated more than once before blade growth reaches dangerous levels to cause tip rub during engine operation. In the case of
coated turbine blades, the coating can be stripped prior to hipping and reapplied before retumning them to service.

The HIP rejuvenated X-750 turbine blades discussed in Figure 10 have now been in service for well over 40,000 hours in an
industrial gas turbine engine. The rejuvenated blade performance has been monitored on a continuing basis and there is no evidence of
accelerated ageing or blade growth to date.

2.14.2 Repair

Unlike turbine vanes, where surface degradation, minor impact damage and cracks are repaired by standardized procedures
recommended by turbine engine manufacturers5-48), turbine blade repair is relatively recent.(49-52) The reluctance in repairing rotat-
ing airfoil sections can largely be attributed to the failure of traditional welding techniques in meeting the stricter structure-properties
requirements consistently. Turbine vanes in many current and past engines are made from cobalt-base superalloys, which possess
relatively good weldability and are amenable to repair through traditional fusion welding techniques. High performance turbine blades
on the other hand are made from high strength Ni-base superalloys (y' volume fractions ~ 25.55%), which frequently exhibit poor
welding response and thus present problems, Figure 13. Two basic problems exist in the welding of precipitation hardened Ni-base
superalloys.

(1) Hot cracking — This occurs during the weld solidification and cooling sequence due to thermal contraction strains.

(2) Strain-age or post-weld heat-treatment cracking — This occurs during heat-treatment after welding due to residual welding
stresses and strains,

Detailed reviews of the mechanisms of these types of cracking have been given elsewhere.(53:54) In general, to minimize
cracking, the parent metal should have as fine a gran size as the application will permit and should be welded with the minimum heat
input required. However, grain size can not be decreased in a service exposed part.37) Overageing the base metal prior to welding
(which leads to softening and homogenization) and conducting the post-weld heat-treatment in an inert environment are effective
ways of reducing crack sensitivity.(55) But, even careful control of welding parameters and pre-weld/post-weld treatments can not
ensure a crack-free weld in several high strength Ni-base superalloys. In view of the difficulties with the traditional fusion welding, other
techniques that were originally developed for turbine vane repair have been explored.(42-52) These techniques include,

(a) Brazing
(b) Solid-state diffusion bonding(!®), and
(c¢) Transient liquid phase (TLP) bonding.
Several techniques similar to TLP have been developed and are known by names such 1s,
(i) Activated diffusion bonding
(ii) Diffusion brazing
(iii) Eutectic bonding.

A detailed account of these bonding techniques can be found elsewhere.(59,55)

Ni-base superalloy brazing involves the use of non-gamma prime filler alloy having a melting point below that of the blade
alloy and the repair is carried out in vacuum or in a controlled environment. Use of brazing is however limited to minor blade repairs,
such as minor impact and environmental damage, due to limited strength and ductility of the brazed joints. Major repairs in high per-
formance blades that operate at very high service temperatures, can not be carried out because of the tendency of the braze to remelt
if overheated.

Major repairs through solid-state diffusion bonding are possible where two clean nominally flat surfaces are to be joined. Hot
pressing or HIP are commonly used to create the required pressure, but excessive pressures may lead to cracking. Soft interlayers may
be used between the surfaces (e.g. Nickel for Ni-base superalloys) to permit the application of lower pressures to achieve interface
conformity. The composition and thickness of the interlayer are important factors which govern the mechanical properties of the
joint and a nurmber of solute segregation problems can deleterivusly affect the overall blade properties. The process however requires
elaborate tooling and equipment, which makes it expensive.
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Various forms:-of liquid phase diffusion bonding techniques are of interest. The processes use a thin interlayer or powder
overlays of carefully selected composition, that are either placed in between the old and new blade sections or over the degraded airfoil
areas respectively. The assembly is then heated to the bonding temperature in a vacuum or in an argon atmosphere. While the parts are
held at the bonding temperature, rapid diffusion of alloying elements occurs between the interlayer/overlayer and the base material.
This change of composition at the interface causes the joint to solidify isothermally, thus creating a bond. After isothermal solidifica-
tion has occurred, the joint microstructure generally resembles that of the base metal except for minor compositional and structural
variations. Overlay coating results in at least three distinct zones, the base metal, the diffusion zone and the overlay coating. These
processes generally do not require elaborate tooling thus making them economically attractive.

Figure 14 shows an example of the quality of powder overlay repair of a heavily degraded Udimet 500 turbine blade.(52)
Typical stress-xupture properties of TLP bonded DS MAR-M-200 + Hf airfoil sections are compared with the parent metal data at
980°C in Figure 1547 Similar data is presented for Udimet 700 at 980°C and 870°C creep test temperatures respectively in
Figures 16(a) and 16(b).559) These data clearly indicate that the creep strength of TLP bonded specimens are not inferior to those
of the base metal properties. Prior to applying TLP or powder overlay repair processes it is necessary to employ strict cleaning and
inspection procedures to obtain base metal properties in the repaired blade areas.(€2:55)

Finally, the cost effectiveness of HIP rejuvenation plus repair versus turbine blade replacement must be considered in terms
of overall life cycle management. As a guideline, rejuvenation and repair cost should be no greater than 65% of replacement cost to
justify costs incurred during installation of a rejuvenation-repair line. Experience with industrial gas turbine engines indicates that HIP
rejuvenation costs are less than one third of the replacement blade costs.

2.2 Compressor and Turbine Discs

Until the end of 1950’, the main factors considered for compressor and turbine discs were the creep properties of the rims
and tensile properties of bore and rim materials to give a satisfactory overspeed margin without burst. However, low cycle fatigue (LCF)
was soon realized to be the principal cause of most of the disc failures, and therefore manufacturers began to base life predictions on
the LCF crack initiation behaviour of disc materials,

Modern turbine dises experience operating temperatures of the order of 700-800°C and therefore the combined effects of
creep, fatigue and oxidation and their synergistic interactions are of concern.®6) It has also been widely recognized that defects may
be present in parts as-manufactured, and therefore an understanding of the growth of small cracks from pre-existing flaws is considered
important. Sensitive and reliable NDI procedures to detect these flaws have emerged. The methods of testing and analysis to establish
cyclic durability of discs have therefore passed through several phases of development, with methods based on fracture mechanies
concepts being the most recent to emerge. These latter methods are beginning to assume particular significance in Canada as a result of a
number of disc and other component failures where impact inducad damage has led to premature failures.

2.2.1 LCF Life Prediction in Compressor and Turbine Discs

Because of the inherent scatter in LCF crack initiation data component lifetimes were first established from specimens data
at the lower end of the statistical life distribution curve, typically -30 from mean, Figures 17 and 18.117:57) All parts would be
rejected at the life limit irrespective of condition, and in-service NDI would be employed to safeguard against premature fracture. By
implication, one part in one thousand would be expected to contain a crack of a size in excess of the detection limit at retirement,
while the remainder would either be crack free or contain undetectable flaws. For presently available NDI methods the detection limit
is about 0.8 mm, depending on material type, crack location, accessibility and confidence level assumed.

Crack initiation data is generated on smooth, strain-controlled LCF test specimens at approximated service temperatures.(58)
It is assumed that the specimen simulates the local behaviour of the material at a geometric discontinuity in a disc. The smooth test
specimen generally predicts life under repeated single-cycle load application. The actual mission to be evaluated involves a sequence of
cycles differing in strain range and mean stress. To determine life for such a mission certain cycles producing negligible damage may be
ignored and a cumulative damage evaluation made for the remaining eycles. The smooth specimen testing data base is used for LCF life
prediction during disc design. The final step involves verification chrough spin-pit testing, where stress-strain distributions more typical
of flight conditions can be generated. Accelerated mission tests (AMT) and simulated mission endurance tests (SMET) are also
conducted to check engine endurance.®®) However, the high cost of component testing dictates the use of test data from smooth
specimens and finite element based component analysis for design.(69)

LCF at room temperature (relevant to some compressor discs) is a time independent plasticity process in which the parameter
governing the life of a specimen is the alternating plastic strain amplitude for a completely reversed system. The life of a specimen in
LCF at low temperatures is given by the Coffin-Manson equation(61),

Aep , c
5 = 2Ny ©)

where Ae,/2 is the plastic strain amplitude, €} is the fatigue ductility coefficient proportional to the fracture ductility in monotonic
tension, ﬁ, the cycles to failure and ¢ the fatigue ductility exponent. Later work indicated that total strain (Ae) amplitude (elastic,
Ae,, plus plastic, Aep) correlated better with life. This modified the equation for strain-life data for LCF smooth specimens:

or
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whfare oy is the fatigue strength coefficient related to true fracture stress in monotonic tensile test, E the elastic modulus and b is the
fatigue sirength exponent. To determine the life of a specimen subjected to a number of different cyclic strain conditions, Miner
proposed a cumulative damage rule, where

N
N.

N =1 ®)

i=1

where N; is the number of cycles at a given strain amplitude, and Ng; the corresponding life under the same conditions evaluated by
Egquations (6) or (7).

At elevated temperature (relevant to turbine discs and some compressor discs) time-dependent deformation in the form of
creep can occur during cyclic loading.(58:62:63) Under constant amplitude loading, it is possible to develop a variety of steady state
hysteresis loop shapes such as shown in Figure 19, It should be pointed out that at low temperatures, only the loop shown in
Figure 19(a) need be considered. The life prediction methods developed to cope with these various loop shapes can be classified as,
(i) Damage summation, (ii) Strain-ra